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ABSTRACT 
    Grounding-zone wedges (GZWs) are asymmetric sedimentary depocentres which form 
through the rapid accumulation of glacigenic debris along a line-source at the grounding zone 
of marine-terminating ice sheets during still-stands in ice-sheet retreat.  GZWs form largely 
through the delivery of deforming subglacial sediments.  The presence of GZWs in the 
geological record indicates an episodic style of ice retreat punctuated by still-stands in 
grounding-zone position.  Moraine ridges and ice-proximal fans may also build up at the 
grounding zone during still-stands of the ice margin, but these require either considerable 
vertical accommodation space or sediment derived from point-sourced subglacial meltwater 
streams.  By contrast, GZWs form mainly where floating ice shelves constrain vertical 
accommodation space immediately beyond the grounding-zone.  An inventory of GZWs is 
compiled from available studies of bathymetric and acoustic data from high-latitude 
continental margins.  The locations and dimensions of GZWs from the Arctic and Antarctic, 
alongside a synthesis of their key architectural and geomorphic characteristics, is presented.  
GZWs are only observed within cross-shelf troughs and major fjord systems, which are the 
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former locations of ice streams and fast-flowing outlet glaciers.  Typical high-latitude GZWs 
are less than 15 km in along-flow direction and 15 to 100 m thick.  GZWs possess a 
transparent to chaotic acoustic character, which reflects the delivery of diamictic subglacial 
debris.  Many GZWs contain seaward-dipping reflections, which indicate sediment 
progradation and wedge-growth through continued delivery of basal sediments.  GZW 
formation is inferred to require high rates of sediment delivery to a fast-flowing ice margin 
that is relatively stable for probably decades to centuries.  Although the long-term stability of 
the grounding zone is controlled by ice-sheet mass balance, the precise location of any still-
stands is influenced strongly by the geometry of the continental shelf.  The majority of high-
latitude GZWs occur at vertical or lateral pinning points, which encourage grounding-zone 
stabilisation through increasing basal and lateral drag and reducing mass flow across the 
grounding zone. 
 
 
1. INTRODUCTION 
    The grounding zone of marine-terminating ice sheets is the transitional zone at which the 
ice-sheet base ceases to be in contact with the underlying substrate.  Marine-terminating 
glaciers can be categorised into those with ice-shelf margins, in which floating ice extends a 
few to several hundreds of kilometres offshore from the grounding zone (Fig. 1A), and those 
with tidewater margins that lack floating ice beyond the grounding zone (Fig. 1B).  At ice-
shelf margins, a water-filled cavity, which is shallow close to the grounding zone and can be 
up to several hundred metres in depth further offshore, extends from the grounding zone to 
the calving front of the floating ice shelf (Fig. 1A).  The grounding zone of a tidewater 
glacier occurs at approximately the same position at which iceberg calving takes place (Fig. 
1B). 
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    The grounding zone of ice sheets has been referred to previously as the grounding line (e.g. 
Powell, 1991; Powell and Domack, 1995; Powell and Alley, 1997; Alley et al., 2007).  
However, we consider the term grounding zone to be more appropriate as it reflects the 
temporally variable nature of the location at which the ice loses contact with the sea floor.  
The precise location of ice-sheet grounding is affected by short-term variations in forcing 
factors such as tides, as well as climatically-induced variations in thinning and rates of mass 
loss (Bindschadler et al., 2003; Gudmundsson, 2007; Murray et al., 2007). 
    The grounding zone is a key site at which ice and meltwater are transferred from the ice 
sheet to the marine environment (Powell et al., 1996; Christianson et al., 2013; Horgan et al., 
2013).  It is a line-source and can extend for tens to hundreds of kilometres in lateral width.  
Mass is lost from marine-terminating glaciers through iceberg calving, meltwater runoff, and 
melting from tidewater ice cliffs or the ice-shelf base (e.g. Jenkins and Doake, 1991; Rignot 
and Jacobs, 2002; Enderlin and Howat, 2013).  Marine-terminating glaciers, which are close 
to floatation for long distances inshore of the grounding zone, therefore generally respond 
more sensitively to climatically-induced changes in ice thickness and sea level compared with 
their land-terminating counterparts, which lose mass predominantly through meltwater runoff 
(Alley et al., 2007).  In areas where fast-flowing ice streams are present, the marine ice-sheet 
margin is a major focus for the delivery of icebergs and freshwater into the ocean.  Marine-
terminating ice streams in Greenland and Antarctica are currently responsible for the majority 
of mass loss from these ice sheets (Rignot and Kanagaratnam, 2006; Shepherd and Wingham, 
2007; Rignot et al., 2008; Pritchard et al., 2009).  Palaeo-ice streams exerted a major 
influence on ice-sheet behaviour and had the potential to cause abrupt climatic change 
through the rapid delivery of ice and freshwater to the ocean (Overpeck et al., 1989; Bond et 
al., 1992; Stokes et al., 2005). 
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    The grounding zone of marine-terminating ice sheets is also a site at which sediment is 
transferred from the ice sheet to the marine environment.  Diamictic subglacial till can be 
emplaced directly at the grounding zone from deforming sedimentary beds beneath fast-
flowing ice streams (Alley et al., 1986, 1989; Anandakrishnan et al., 2007).  Multiple sheet-
like deposits of acoustically chaotic to transparent subglacial till, separated by erosional 
unconformities, can build up within fjords and on continental shelves over successive ice 
advances (Fig. 1C and D) (e.g. Larter and Barker, 1989; King, 1993; Rise et al., 2005).  
During full-glacial periods of ice-sheet expansion relative to today, ice sheets supply 
subglacial till directly to the continental shelf break; this debris is often remobilised 
subsequently by mass-wasting processes on the upper-slope (Fig. 1C and D) (Alley et al., 
1989; Dowdeswell et al., 1996; Laberg et al., 2000; Taylor et al., 2002; Nygård et al., 2005).  
Large sedimentary depocentres or trough-mouth fans build up on the slope over successive 
glaciations as a result of the rapid delivery of deformable sediment to the shelf edge by fast-
flowing ice streams (Fig. 1C) (Vorren et al., 1998; Dowdeswell and Siegert, 1999).  
    In addition to being emplaced subglacially, sediment can also be transferred across the 
grounding zone through subglacial or englacial meltwater channels, which provide point 
sources of sorted sediment to the marine environment (Powell, 1990; Mugford and 
Dowdeswell, 2011; Dowdeswell et al., In Press).  A component of sedimentation may also 
occur through the melt-out of subglacial debris from ice at or immediately beyond the 
grounding zone (Alley et al., 2007).  The coarse fraction of the sediment that is released from 
basal melting at the grounding zone and beneath ice shelves forms marine sediment units 
composed of mud, sand, gravel and till pellets, whereas the fine fraction forms a sedimentary 
drape through the rain-out of particles transported in suspension by currents (Domack et al., 
1999; Evans and Pudsey, 2002; Christoffersen et al., 2010; Kilfeather et al., 2011).   
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    Providing there is space for sediment accumulation, discrete sedimentary depocentres, 
including grounding-zone wedges (GZWs), moraine ridges and ice-proximal fans, will build 
up during still-stands or re-advances of the grounding zone.  The identification of these 
depocentres in the geological record can provide information about the dynamics of former 
ice sheets and the locations of still-stands or re-advances of the grounding zone (e.g. Shipp et 
al., 1999; Mosola and Anderson, 2006; Ottesen et al., 2007; Dowdeswell et al., 2008).   
    The existence of wedge-shaped depocentres, formed by sediment progradation at the 
grounding zone of former ice streams, was first hypothesised on the basis of the likely high 
till flux implied by the discovery of a 6 m-thick layer of deforming till beneath the Whillans 
Ice Stream (formerly Ice Stream B) in West Antarctica (Blankenship et al., 1987; Alley et al., 
1987, 1989).  Since GZWs were first identified in the 1990’s (Anderson and Bartek, 1992; 
Powell and Domack, 1995; Anderson, 1997; Bart and Anderson, 1997; Powell and Alley, 
1997; O’Brien et al., 1999), a large number of GZWs has been described from high-latitude 
cross-shelf troughs in both hemispheres (e.g. Ó Cofaigh et al., 2005a; Evans et al., 2006; 
Mosola and Anderson, 2006; Ottesen et al., 2007, 2008; Rydningen et al., 2013).  However, a 
synthesis of their locations, morphological and stratigraphical characteristics is currently 
lacking.  There is also still some uncertainty as to what differentiates GZWs from other 
glacier-influenced sedimentary depocentres, such as submarine moraines and till tongues 
(Powell, 1981; King et al., 1991). 
    In this paper, we present an inventory of GZWs which is compiled from available studies 
of bathymetric, shallow-acoustic and seismic data from high-latitude continental margins.  
Here, GZWs are defined as wedge-shaped deposits composed predominantly of glacial 
diamict or till, which are formed by high rates of sediment delivery to the grounding zone of 
fast-flowing ice streams during still-stands in ice retreat (Ottesen et al., 2007; Dowdeswell et 
al., 2008; Dowdeswell and Fugelli, 2012). 
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    We present the locations of 143 GZWs from the high-latitude continental shelves of 
Antarctica, Greenland, Norway, Canada and the Barents Sea, alongside a synthesis of their 
key sedimentary, architectural and geomorphic characteristics.  In this study, many of the 
high-latitude GZWs are categorised into one or more of four ‘types’ based on their position 
within cross-shelf troughs or fjords: at shallow vertical pinning points in the underlying 
bathymetry; at narrow lateral pinning points; on the outermost continental shelf; and at the 
outer-shelf lateral margins of former ice streams.  Controls on GZW formation are considered 
in relation to cross-shelf trough geometry, climatic changes and ice-sheet internal dynamics. 
 
 
2. BACKGROUND: ICE-MARGINAL DEPOCENTRES AND OTHER LANDFORMS 
PRODUCED AT THE GROUNDING ZONE OF MARINE-TERMINATING ICE 
SHEETS 
 
2.1 GZWs 
    GZWs form mainly through subglacial deposition of deforming till at the grounding zone, 
which may then be redistributed by gravity-flow processes to produce wedge-shaped deposits 
(King et al., 1991; Powell and Alley, 1997; Dowdeswell and Fugelli, 2012).  GZWs typically 
possess a semi-transparent to chaotic acoustic character, which reflects the delivery of 
diamictic subglacial debris (Alley et al., 1989; Ó Cofaigh et al., 2005b; Dowdeswell and 
Fugelli, 2012; Andreassen et al., 2014), and are asymmetric in the direction of former ice-
flow, with steeper ice-distal sides (Fig. 2A).  GZW dimensions are controlled by the flux of 
sediment to the grounding zone, the shape of the sub-ice cavity (Fig. 1A), the width of the 
palaeo-ice stream, and the duration of the still-stand during longer-term ice retreat (Alley et 
al., 2007; Dowdeswell and Fugelli, 2012).  If sediment flux across the grounding zone is 
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known, GZW volume can be used to estimate the duration of an ice margin still-stand, which 
is typically decades to centuries (Larter and Vanneste, 1995; Alley et al., 2007; 
Anandakrishnan et al., 2007; Dowdeswell et al., 2008; Livingstone et al., 2012).  Recent 
attempts to drill through GZWs aimed to reveal the precise timing and duration of stills-
stands of the grounding zone (Hanebuth et al., 2014). 
    GZWs are formed by the build-up of sediments delivered at relatively high rates to the 
grounding zone (Fig. 1C).  The continuation of fast, ice-streaming flow during the final phase 
of GZW formation has been inferred from the identification of mega-scale glacial lineations 
(MSGL), which are indicative of fast ice flow, overprinting GZWs in a number of locations 
(e.g. Fig. 2A) (Ó Cofaigh et al., 2005a; Ottesen et al., 2008; Graham et al., 2010).  The 
presence of GZWs in the geological record indicates episodic palaeo-ice-stream retreat 
punctuated by still-stands in the grounding-zone position (Dowdeswell et al., 2008; Ó 
Cofaigh et al., 2008).   
    The term GZW has emerged from an assortment of nomenclature to describe 
accumulations of sediment produced along line-sources at the grounding zone (Table 1), 
including ‘till tongues’ (King and Fader, 1986; Dreimanis, 1987; King et al., 1987, 1991) and 
‘till deltas’ (Bentley et al., 1988; Alley et al., 1989; Schever, 1991).  Till tongues are 
composed of till deposited during ice-sheet advances across the continental shelf, inter-
fingered with glacimarine sediments (King et al., 1991).  Till tongues may contain sediment 
that was originally deposited within a GZW, but has been partially eroded and redistributed 
by a subsequent ice advance.  In this study, till tongues, which possess a sheet-like geometry 
in seismic records (King, 1980; King and Fader, 1986; King et al., 1987, 1991), are 
considered to be distinct from positive-relief landforms, such as moraines and GZWs. 
    The term till delta has been used previously to describe wedge-shaped accumulations of 
glacigenic debris on the continental shelf (Alley et al., 1987, 1989; Larter and Vanneste, 
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1995).  In order to avoid defining all the sediment as till, and to remove any association with 
sea level, the term GZW has now generally encompassed and replaced the term till delta 
(Table 1) (Powell and Domack, 1995; Powell and Alley, 1997; Shipp et al., 2002; 
Anandakrishnan et al., 2007; Livingstone et al., 2012).   
    We now discuss how GZWs can be differentiated from other ice-marginal landforms 
produced at the grounding zone of marine-terminating ice sheets, including submarine 
moraines and ice-proximal fans (Fig. 2). 
 
2.2 Moraines 
    Submarine transverse moraines can be categorised into large terminal and recessional 
moraine ridges, hummocky-terrain belts and small retreat moraines (Fig. 2B to D).   
 
2.2.1 Large terminal/ recessional moraines 
    Large terminal and recessional moraine ridges are typically several tens of metres thick 
and less than 2 km wide in the former ice-flow direction (e.g. Sexton et al., 1992; Seramur et 
al., 1997; Ottesen and Dowdeswell, 2006, 2009; Ottesen et al., 2007).  Although these 
moraines can possess similar thicknesses to GZWs, they have clear positive relief and lower 
length-to-height ratios (typically less than 10:1) compared with the more subdued and wedge-
like forms of GZWs (Fig. 2A and B) (Dowdeswell and Fugelli, 2012).  This suggests that, 
unlike GZWs, moraine ridges are not constrained by the roof of a sub-ice shelf cavity (Fig. 
1A), and are probably formed mainly at tidewater ice cliffs (Fig. 1B).    
    Submarine moraines form through a combination of processes, including meltwater 
deposition, melt-out of basal and englacial debris, squeeze-push processes from under the ice 
mass, lodgement and sediment deformation (Powell, 1981; Smith, 1990; Powell and Domack, 
1995; Powell and Alley, 1997).  Moraines are typically composed of various unsorted ice-
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contact sediments and therefore possess a semi-transparent to chaotic character on acoustic 
profiles (e.g. Stoker and Holmes, 1991; Sexton et al., 1992; King, 1993; Shaw, 2003).  
    Whereas GZWs are formed by high rates of sediment delivery to the grounding zone, large 
moraine ridges are more typically observed in shallow, inter-ice stream areas of high-latitude 
continental shelves, where they record the former extent of relatively slow-moving ice (Fig. 
1D) (Dahlgren et al., 2002b; Dowdeswell and Elverhøi, 2002; Landvik et al., 2005; Ottesen 
and Dowdeswell, 2009; Klages et al., 2013).  A number of large terminal-moraine ridges 
have been described from inter-trough regions of the Svalbard and Norwegian continental 
shelves; these landforms are interpreted to delimit the maximum extent of the Barents-Kara 
and Scandinavian ice sheets during the last glacial maximum (e.g. Dahlgren et al., 2002b; 
Vorren and Plassen, 2002; Ottesen et al., 2005a, 2007, 2008; Rydningen et al., 2013).  Large 
recessional-moraine ridges, which record the position of still-stands in the grounding zone 
during deglaciation, have also been described from high-latitude continental shelves and 
fjords (Elverhøi et al., 1983; Syvitski, 1989; Cai et al., 1997; Powell and Domack 2002; 
Landvik et al., 2005; Hodgson et al., 2014).  Arcuate moraine ridges often develop at the 
mouths of fjords, which act as lateral pinning points for stabilisation of the grounding zone 
during retreat (Fig. 1D) (Dowdeswell et al., 1994; Shaw, 2003; Ottesen et al., 2007; Ottesen 
and Dowdeswell, 2009; Shaw et al., 2009; Dowdeswell and Vasquez, 2013).   
    Although terminal moraines are typically formed on inter-ice stream areas of a continental 
margin, which are characterised by relatively low full-glacial sedimentation rates (Elverhoi et 
al., 1998), the Skjoldryggen moraine ridge on the mid-Norwegian shelf is located at the shelf 
break in a region which has experienced high rates of sediment delivery during the last three 
glaciations (Rise et al., 2005).  This moraine has, however, been interpreted to have formed at 
times when fast ice flow and rapid sediment delivery may have ceased (Ottesen et al., 2005a).  
Arcuate ridges, interpreted as submarine moraine banks formed during deglaciation of the 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
last British-Irish Ice Sheet, have also been described from cross-shelf troughs on the 
continental shelf off Britain and Ireland (Bradwell et al., 2008; Dunlop et al., 2010; Clark et 
al., 2012; Ó Cofaigh et al., 2012). 
 
2.2.2 Hummocky-terrain belts 
    Submarine hummocky-terrain belts are characterised by irregular assortments of 
hummocks, ridges and depressions (Fig. 2C), and are formed by uneven sediment deposition 
and redistribution close to the ice margin (Sharp, 1985; Bennett and Boulton, 1993).  In the 
marine record, hummocky-terrain belts 1 km long and with ridge-amplitudes of around 5 
metres have been described from inter-trough regions of the shelf break off northwest 
Svalbard and northern Norway (Ottesen and Dowdeswell, 2009; Elvenes and Dowdeswell, In 
Press).  Hummocky moraine can be formed by a variety of processes, including sediment 
lodgement and deformation, glacitectonics and debris accumulation at an active ice margin, 
and deposition in contact with stagnant ice (Benn and Evans, 2010).  Hummocky moraine is 
sometimes associated with rectilinear networks of crevasse-fill ridges, which are interpreted 
to be produced by changes in ice buoyancy and the moulding or squeezing upward of 
deformable sediments into basal crevasses at a grounded ice-sheet margin (Sharp, 1985; 
Ottesen and Dowdeswell, 2009).   
 
2.2.3 Small retreat moraines 
    Small retreat moraines typically just a few metres high, which are often referred to as De 
Geer moraines (Lindén and Möller, 2005), are formed by the delivery of sediment to the 
glacier or ice-sheet grounding zone during minor ice-margin still-stands or oscillations during 
overall retreat of a grounded ice mass (Nygård et al., 2004; Ottesen et al., 2005a, 2007; Todd 
et al., 2007; Dowdeswell et al., 2008; Ottesen and Dowdeswell, 2009).  These sedimentary 
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ridges are typically less than 15 m thick and less than 300 m wide (Fig. 2D) (Boulton, 1986; 
Shipp et al., 2002; Ottesen and Dowdeswell, 2006; Ottesen et al., 2007; Todd et al., 2007; 
Dowdeswell et al., 2008; Shaw et al., 2009).  Small moraine ridges possess sediment volumes 
that are one or two orders of magnitude less than large terminal moraines or GZWs; this 
suggests that small moraine ridges record relatively short pauses in the position of the ice 
margin during deglaciation (Nygård et al., 2004; Ottesen and Dowdeswell, 2006; Ottesen et 
al., 2007).  Small retreat moraines are almost always identified in assemblages containing 
tens to hundreds of parallel to sub-parallel ridges, rather than as isolated landforms (Figs. 1D 
and 2D).  They are typically evenly spaced, with distances of a few tens to hundreds of 
metres between ridges (e.g. Boulton, 1986; Shipp et al., 2002; Ottesen and Dowdeswell, 
2006; Ottesen et al., 2007; Shaw et al., 2009; Livingstone et al., 2012).   
    Small moraine ridges are interpreted to be formed by ice pushing of sediment, including 
folding, faulting and thrusting, during minor ice-sheet re-advances within overall retreat 
(Solheim and Pfirman, 1985; Hagen, 1987; Boulton et al., 1996; Shipp et al., 2002; Ottesen 
and Dowdeswell, 2006, 2009).  These moraines are often formed annually, with the number 
of ridges approximating the years over which retreat took place (Boulton, 1986; Ottesen and 
Dowdeswell, 2006; Dowdeswell et al., 2008).  Annual cycles of ice-margin re-advance 
probably occur as a result of the suppression of iceberg calving by sea-ice buttressing during 
winter months, which produces minor re-advances superimposed on more general summer 
retreat (Liestøl, 1976; Boulton, 1986; Ottesen and Dowdeswell, 2006). 
    Series of small transverse ridges, interpreted as retreat moraines, have been described from 
shallow inter-ice stream regions of the continental shelf (Ottesen et al., 2005a, 2007; Todd et 
al., 2007; Ottesen and Dowdeswell, 2009; Shaw et al., 2009), as well as within cross-shelf 
troughs (Boulton, 1986; Shipp et al., 2002; Mosola and Anderson, 2006; Dowdeswell et al., 
2008; Ó Cofaigh et al., 2008; Winkelmann et al., 2010) and high-latitude fjords (Ottesen and 
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Dowdeswell, 2006; Ottesen et al., 2007).  Whereas the presence of GZWs suggests an 
episodic style of ice-stream retreat, the identification of small retreat moraines overprinting 
MSGL suggests relatively slow retreat of a grounded marine ice margin, although assessment 
of this by dated sediment cores is relatively rare (Dowdeswell et al., 2008; Ó Cofaigh et al., 
2008).    
 
2.3 Ice-proximal fans 
    Ice-proximal fans form at the mouths of subglacial meltwater conduits at the grounding 
zone of a marine-terminating ice mass (Powell, 1984, 1990; Sexton et al., 1992; Powell and 
Domack, 1995; Seramur et al., 1997; Mugford and Dowdeswell, 2011; Dowdeswell et al., In 
Press).  These landforms, which are sometimes referred to as ice-contact fans (Table 1), are 
composed of a variety of sediments, including sub-aquatic outwash, gravity flow sediments 
and suspension settling deposits (Lønne, 1995, 1997; Powell and Alley, 1997).  Whereas the 
geometry of moraine ridges and GZWs suggests sediment delivery along a line-source at the 
grounding zone (Fig. 2A to D), the fan-shaped geometry of ice-proximal fans is indicative of 
point-source deposition (Fig. 2E).  Where an extensive system of subglacial conduits is 
present along the grounding zone, individual ice-proximal fans may overlap and become 
amalgamated into morainal banks (Hunter et al., 1996; Powell and Alley, 1997).  Ice-
proximal fans are produced during periods of grounding-zone stability and can aggrade to sea 
level to form ice-contact deltas (Glückert, 1975; Powell, 1990; Smith, 1990; Lønne, 1993; 
Powell and Domack, 1995).   
    The formation of ice-proximal fans is dependent on the existence of a channelised 
meltwater network beneath the ice mass.  Ice-proximal fans therefore typically develop in 
glacial settings where surface-derived meltwater is present (Powell, 1990; Dowdeswell et al., 
1998; Siegert and Dowdeswell, 2002).  Ice-proximal fans that formed during the last 
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glaciation to present interglacial have been described from the fjords of Alaska, Norway and 
Svalbard, where they have been observed to accumulate at rates of over 10
6
 m
3
 per year 
(Powell, 1990; Lønne, 1995, 1997; Seramur et al., 1997).  They are typically up to a few tens 
of metres thick and up to a few kilometres in length.   
    The absence of large ice-proximal fans preserved on continental shelves may reflect the 
highly-variable position of the grounding zone during deglaciation (Dowdeswell et al., In 
Press).  Under ‘normal’ meltwater discharge conditions, the majority of ice-margin still-
stands are probably of insufficient duration to enable the development of large ice-proximal 
fans.  Any fans produced during ice advances are likely to be reworked as they are overrun by 
the advancing ice mass (Powell, 1990).  It is also possible that some ice-proximal fans may 
have been formed by extreme meltwater discharge events which provided atypically high 
rates of sediment delivery to the ice margin over a short time-scale during which the 
grounding zone remained stable (Hirst, 2012; Dowdeswell et al., In Press).  Ice-proximal fans 
are unlikely to form in regions where water flow occurs largely through Darcian processes 
within deforming basal sediments; they are therefore generally absent from cross-shelf 
troughs which were the locations of fast-flowing ice streams with deforming beds.   
 
2.4 Controls on ice-marginal landforms produced at the grounding zone 
 
2.4.1 Type of glacier terminus 
    The nature of the glacier terminus is an important control on the type of depositional 
landform that is produced at the grounding zone.  Tidewater glaciers, which have almost 
unlimited vertical accommodation space at the grounding zone (Fig. 1B), have been 
suggested to be associated with the formation of high-amplitude morainal ridges, whereas 
low-relief GZWs are probably formed preferentially by glaciers with termini ending as 
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floating ice shelves (Fig. 1A) (King and Fader, 1986; King et al., 1987; Powell and Alley, 
1997).  The low-gradient ice-roofed cavities of ice shelves (Fig. 1A) restrict vertical 
accommodation space and prevent the aggradation of high-amplitude moraine ridges (Powell, 
1990; Dowdeswell and Fugelli, 2012).   
 
2.4.2 Ice velocity and sediment delivery rate 
    Ice velocity can also control the type of ice-marginal landform produced at the grounding 
zone.  GZWs are produced by rapid grounding-zone sedimentation of deformable debris at 
fast-flowing ice margins.  Where they are identified within cross-shelf troughs, in association 
with deformable till, MSGL or lateral moraines, GZWs indicate the former presence of ice 
streams (Fig. 1C) (Dowdeswell et al., 2008; Ottesen and Dowdeswell, 2009).  In contrast, 
terminal moraines appear to be formed mainly at slower-flowing, inter-ice stream margins 
(Fig. 1D) (Dahlgren et al., 2002a; Dowdeswell and Elverhøi, 2002; Landvik et al., 2005; 
Ottesen and Dowdeswell, 2009).   
 
2.4.3 Grounding-zone stability 
    The type and dimensions of an ice-marginal landform is dependent on the duration of still-
stands of the grounding zone.  GZWs and large terminal-moraine ridges are typically 
produced during still-stands of at least several decades to centuries, which allow for 
significant volumes of sediment to build up at a relatively stable grounding zone (Larter and 
Vanneste, 1995; Alley et al., 2007; Anandakrishnan et al., 2007; Dowdeswell et al., 2008).  In 
contrast, small moraine ridges, which typically possess sediment volumes that are one or two 
orders of magnitude smaller than terminal-moraine ridges or GZWs, are produced during 
short-lived still-stands in the grounding zone during overall ice retreat (Nygård et al., 2004; 
Ottesen et al., 2005a; Dowdeswell et al., 2008; Ottesen and Dowdeswell, 2009).   
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2.4.4 Subglacial meltwater 
    The availability of subglacial meltwater has also been proposed as a major control on the 
formation of ice-proximal landforms (Powell and Alley, 1997; Bjarnadóttir et al., 2013).  
Moraines have been suggested to form at the margins of temperate or polythermal glaciers 
where subglacial meltwater is abundant in channelised or sheet flows, whereas GZWs are 
more likely to be produced at the margins of polythermal or polar ice sheets where deforming 
beds are present and meltwater is sparser or moving within deforming till by Darcian 
processes (Powell and Alley, 1997).   
    Terminal-moraine ridges are widespread within temperate glacier fjords (Powell, 1983; Cai 
et al., 1997; Dowdeswell and Vasquez, 2013) and on shallow inter-ice stream areas of the 
continental shelves off Svalbard and Norway (Dahlgren et al., 2002b; Vorren and Plassen, 
2002; Ottesen et al., 2005a, 2007, 2008; Rydningen et al., 2013).  Very few terminal-moraine 
ridges have been described from the continental shelves of Greenland and Antarctica (Klages 
et al., 2013) compared with the large number of GZWs identified in these locations (Larter 
and Vanneste, 1995; Anderson, 1999; Evans et al., 2005; Mosola and Anderson, 2006; 
Dowdeswell and Fugelli, 2012; Livingstone et al., 2012).  The relative absence of moraine 
ridges on the shelves of Greenland and Antarctica may reflect a lack of channelised 
meltwater beneath the former ice sheets.  It is also possible that extensive floating ice shelves 
in these areas precluded the development of high-amplitude moraine ridges.  Alternatively, 
this pattern could be a consequence of the data coverage of these areas, which is generally 
focused within cross-shelf troughs that were formerly occupied by fast-flowing ice streams.  
In addition, relatively shallow inter-ice stream banks are often reworked by the ploughing 
action of iceberg keels making the interpretation of pre-existing landforms difficult (e.g. 
Dowdeswell et al., 1993, 2014). 
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    Terminal moraines and GZWs have been suggested to represent end-members of a 
continuum of grounding-zone landforms, reflecting the differing availability of subglacial 
meltwater (Powell and Alley, 1997).  The ice-marginal landforms in Kveithola Trough on the 
western Barents Sea margin have been proposed to be intermediate forms between GZWs 
and moraines (Bjarnadóttir et al., 2013).  These landforms exhibit the asymmetric geometry 
and homogeneous fine-grained sediments that are characteristic of GZWs, yet they also 
contain ice-proximal fans (Fig. 2E) on their ice-distal sides, indicating the former presence of 
abundant meltwater (Bjarnadóttir et al., 2013).  GZWs in climatic settings where ice-sheet 
mass loss is dominated by meltwater runoff may contain a greater component of sorted 
sediment derived from subglacial meltwater, compared with GZWs in settings where mass 
loss is dominated by iceberg calving (Dowdeswell and Fugelli, 2012; Bjarnadóttir et al., 
2013).   
    The formation of ice-proximal fans (Fig. 2E) requires the existence of a channelised 
meltwater network beneath a marine-terminating ice mass.  Ice-proximal fans are therefore 
commonly observed in temperate glacial regions where surface-derived meltwater is present 
(e.g. Powell, 1990; Dowdeswell et al., In Press), and are generally lacking from regions in 
which meltwater is sparser or flows mainly by Darcian processes within deforming basal 
sediments (Powell, 1990; Powell and Alley, 1997; Siegert and Dowdeswell, 2002). 
 
 
3. METHODOLOGY 
    An inventory of high-latitude GZWs is presented in Table 2 and Figures 3 and 4.  GZW 
locations are compiled from available accounts of bathymetric and acoustic data from the 
high-latitude continental shelves of Canada, Greenland, the Barents Sea, northern Norway 
and Antarctica (e.g. Anderson, 1997; Domack et al., 1998; Ottesen et al., 2005a, 2008; 
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Mosola and Anderson, 2006; Rydningen et al., 2013).  The approximate locations of the 
GZWs off northwest and northeast Greenland (Fig. 3C) were determined from newly-
available two-dimensional (2-D) seismic reflection data provided by TGS.  Due to 
restrictions on the use of industrial data, the identification numbers of the seismic lines, and 
details of the acquisition parameters and streamer arrays, are not included.  All asymmetric 
wedges of sediment that are at least 1 km long and 10 m thick were categorised as GZWs.   
    Our inventory provides data on those landforms on high-latitude margins which have been 
interpreted as GZWs.  However, it is possible that some ice-marginal landforms which fit our 
criteria to be GZWs may have been omitted from the inventory as a result of their previous 
classification as moraines, till tongues or till deltas.  Our inventory attempts to include GZWs 
that were originally interpreted as other types of landform before being re-classified as 
GZWs.  For example, the three wedge-shaped landforms in Vestfjorden on the Norwegian 
margin (nos. 35 to 37 in Table 2 and Fig. 3B), which have been interpreted previously as 
recessional moraines or till tongues (Ottesen et al., 2005a, b; Laberg et al., 2007), are 
included in our inventory due to their classification as GZWs by Knies et al. (2007) and 
Dowdeswell et al. (2008b).  The subdued relief and asymmetric wedge-shaped geometry of 
the landforms in Vestfjorden (e.g. Fig. 2A) are also consistent with an interpretation as 
GZWs. 
    A synthesis of the key geometric and physiographic data for each high-latitude GZW is 
presented in Table 2.  GZW dimensions were determined from previous descriptions of each 
landform, together with measurements from any available bathymetric or acoustic data.  In 
this study, GZW width was measured in an across-trough direction, perpendicular to the 
inferred former ice-flow direction.  GZW length was measured in a trough-parallel direction.  
Each GZW was categorised as either a ‘surface’ or a ‘buried’ landform (Table 2).  Surface or 
near-surface GZWs are present on or close to the sea floor and were identified on bathymetric 
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or shallow-acoustic data (e.g. Ottesen et al., 2005a, 2008; Mosola and Anderson, 2006; 
Rydningen et al., 2013).  Buried GZWs are present on buried horizons within the shelf 
stratigraphy and were identified from seismic profiles (e.g. Dowdeswell and Fugelli, 2012; 
Gohl et al., 2013; Batchelor et al., 2014).   
 
 
4. GROUNDING-ZONE WEDGES ON HIGH-LATITUDE CONTINENTAL 
MARGINS 
 
4.1 GZW locations on high-latitude margins 
    A total of 143 GZWs has been described from high-latitude continental shelves in the 
Arctic and Antarctic (Figs. 3 and 4).  The GZWs are only identified within, or at the lateral 
margins of cross-shelf troughs or major fjord systems.  These locations have been interpreted 
as the former sites of marine-terminating ice streams or fast-flowing outlet glaciers which, 
collectively, discharged ice and sediment from Quaternary ice sheets into the oceans during at 
least one, and often many, Quaternary glacial period (Dahlgren et al., 2002a; Dowdeswell et 
al., 1996; Ó Cofaigh et al., 2003; Batchelor and Dowdeswell, 2013).  The association of 
GZWs with cross-shelf troughs and fjords reinforces the view that fast, ice-streaming flow, 
which provides high rates of sediment delivery to the ice margin, is necessary for GZW 
formation (Dowdeswell and Elverhøi, 2002; Landvik et al., 2005; Ottesen and Dowdeswell, 
2009).    
    A buried GZW off northwest Greenland (no. 40 in Fig. 3C) provides the only exception to 
the association of high-latitude GZWs with cross-shelf troughs or fjords.  However, it is 
possible that this landform, which is buried by more than 100 m of sediment, may have been 
produced at the margin of a former cross-shelf trough, and accompanying ice stream, which 
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has been infilled by subsequent sedimentation (e.g. Dowdeswell et al., 2006; Sarkar et al., 
2011).   
    Considerable variation exists in the amount of data presently available on GZWs from 
high-latitude continental margins (Table 2; Figs. 3 and 4).  The locations and dimensions of 
GZWs off Norway and the western Barents Sea margin are particularly well documented 
(Fig. 3B) (e.g. Ottesen et al., 2005a, 2007, 2008; Winsborrow et al., 2010; Rebesco et al., 
2011; Bjarnadóttir et al., 2013; Rydningen et al., 2013).  By contrast, no GZWs have been 
reported in the small cross-shelf troughs off Baffin Island or in the Canadian Arctic 
Archipelago, and only one GZW has been described from a cross-shelf trough off southwest 
Greenland (Fig. 3C) (Ryan et al., In Press).  This is probably due to the lack of high-
resolution geophysical data available from these regions.  Although the GZWs off northwest 
and northeast Greenland have been described previously in terms of their seismic architecture 
and dimensions (Dowdeswell and Fugelli, 2012), the map in Figure 3C reveals, for the first 
time, the approximate locations of these GZWs on the continental shelf.   
    The majority of the high-latitude GZWs recognised in Table 2 and Figures 3 and 4 are 
present on or close to the sea floor.  The positions of these landforms therefore probably 
record the former locations of still-stands or minor re-advances of the Eurasian, Laurentide, 
Greenland and Antarctic ice sheets during the last deglaciation.  A number of buried GZWs, 
which are interpreted to have been formed during earlier Quaternary glacial periods, have 
also been identified from seismic-reflection profiles in the Canadian Beaufort Sea, off 
Greenland and on the West Antarctic margin (Fig. 3A and C) (Dowdeswell and Fugelli, 
2012; Batchelor et al., 2013a, 2014; Gohl et al., 2013).  In addition, possible GZWs have 
been found in the Late Ordovician glacial rocks of Northern Africa (Decalf et al., In Press).  
The predominance of surface GZWs in our inventory suggests that many GZWs are removed 
by subsequent ice advances across the continental shelf, leaving reduced numbers preserved 
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in the geological record.  Indeed, it has also been observed in seismic records from high-
latitude margins that the entire palaeo-shelf may be removed by particularly erosive 
subsequent ice advances (e.g. Dowdeswell et al., 2007).  However, the relative absence of 
buried GZWs in our inventory could also be, in part at least, a consequence of a lack of 
seismic data from high-latitude margins 
 
4.2 GZW dimensions  
 
4.2.1 Description 
    Information on GZW length, in the direction of past ice flow, is provided for 84 of the 
Arctic and Antarctic GZWs in Table 2 and Figures 3 and 4.  Although GZW lengths range 
between 1 and 140 km, the majority (64%) of high-latitude GZWs are less than 15 km long 
(Fig. 5A).  Only four of the GZWs have lengths of more than 50 km (Fig. 5); a GZW in 
Prince Gustav Channel off the Antarctic Peninsula (no. 80 in Fig. 4A), and three GZWs in the 
cross-shelf troughs of the Ross Sea, West Antarctica (nos. 121, 125 and 128 in Fig. 4B).  
Whereas the majority (78%) of the wedges off Greenland are less than 15 km in length, only 
four Antarctic GZWs are less than 15 km long (Fig. 5B and C).  GZW width is only available 
for 15 of the recorded high-latitude GZWs, and ranges between 4 and 280 km (Table 2).   
    The distribution of maximum sediment thickness for the 87 high-latitude GZWs for which 
thickness data are available is shown in Figure 6A.  GZW thicknesses range between 15 and 
300 m; the modal value is 60 to 80 m.  Considerable variations in GZW thickness are 
recognised along each continental margin (Fig. 6A).  However, whereas 53% of the GZWs 
off Greenland are more than 80 m thick (Fig. 6B), only two of the recorded Antarctic GZWs 
reach thicknesses of more than 80 m (Fig. 6C). 
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    Length and maximum thickness data are available for 76 high-latitude GZWs (Fig. 7A).  
There is no significant correlation between GZW length and thickness when GZWs from all 
high-latitude margins are analysed collectively (Fig. 7A).  However, when GZWs off 
Antarctica are removed from the inventory, GZW length is shown to have a moderate 
positive correlation with GZW thickness (Fig. 7B).  A least-squares regression fit to these 
data gives a correlation coefficient, R, of 0.60, which is significant at a 99% level of 
probability.  The scatter-plot shown in Figure 7C shows that, whereas GZWs off Greenland 
have a positive correlation between their length and thickness (R is 0.49, significant at 99% 
level of probability), there is no relationship between these variables for the GZWs identified 
on the Antarctic margin. 
 
4.2.2 Interpretation 
    High-latitude GZWs are typically less than 15 km long and 15 to 100 m thick (Figs. 5A 
and 6A).  This observation is in broad agreement with other studies of GZW dimensions, 
including Dowdeswell and Fugelli’s (2012) analysis of 40 GZWs on the Greenland, Antarctic 
and Norwegian continental margins, which represents a sub-set of those reported here.  
GZWs with lengths of greater than 50 km have only been observed off Antarctica (nos. 80, 
121, 125 and 128 in Fig. 4A and B).  The five thickest high-latitude GZWs are located in the 
Canadian Beaufort Sea, off northeast Greenland and off East Antarctica (nos. 3, 4, 59, 60 and 
134 in Figs. 3A, C and 4C). 
    When formed during a single episode of cross-shelf glaciation, large GZWs record 
relatively lengthy still-stands in the former ice-margin position and/or particularly high rates 
of sediment delivery to the grounding zone (Alley et al., 2007; Dowdeswell and Fugelli, 
2012).  However, many of the largest GZWs in our inventory (Table 2) are probably 
composite features formed during several advances of the grounding zone over successive 
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Quaternary glaciations (Fig. 7A and B).  The GZWs at the lateral margins of the Amundsen 
Gulf and M’Clure Strait troughs in the Canadian Beaufort Sea (nos. 3 and 4 in Fig. 3A) have 
been interpreted previously as composite landforms (Batchelor et al., 2014), as have large 
GZWs off northwest and northeast Greenland (nos. 57 and 59 in Fig. 3C, respectively) 
(Dowdeswell and Fugelli, 2012).  The thickest recorded GZW, the 300 m-thick GZW in 
Prydz Channel, East Antarctica (no. 134 in Fig. 4C), is probably also a composite feature 
formed over successive Quaternary glaciations (O’Brien et al., 1999).   
    A positive correlation between GZW length and thickness is inferred for GZWs on the 
Greenland, Norwegian, Canadian and Barents Sea margins (Fig. 7B).  This suggests that, 
provided GZW development is not constrained by continental shelf topography, an increase 
in the volume of sediment provided to the grounding zone will result in an increase in both 
GZW length and thickness.  GZW width, which is observed to range between 4 and 280 km 
(Table 2), does not scale with GZW length or thickness, and is constrained by the width of 
the palaeo-ice stream and any cross-shelf trough it occupies (Dowdeswell and Fugelli, 2012). 
    No significant relationship between GZW length and thickness exists for the GZWs 
described from the Antarctic margin (Fig. 7C).  The data from Antarctica may be skewed by 
three GZWs which exhibit particularly high length-to-thickness ratios (Fig. 7C); these GZWs 
are located in Belgica Trough in the Bellingshausen Sea, in the Ross Sea of West Antarctica 
and in Mertz Trough, East Antarctica (nos. 99, 127 and 131 in Fig. 4).  However, even with 
these three wedges removed from the dataset, the GZWs off Antarctica have higher length-to-
thickness ratios than the GZWs on the Greenland margin (Fig. 7C).   
    The reason for the apparent difference in geometry between GZWs on the Greenland and 
Antarctic margins (Figs. 5, 6 and 7C) is uncertain.  It is possible that the bases of thicker 
Antarctic ice shelves prevented the aggradation of high-amplitude wedges on this continental 
shelf.  The higher length-to-thickness ratios of the Antarctic GZWs may reflect a more 
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gradual seaward thinning of Antarctic ice shelves due to lower rates of basal and surface 
melting.  The Antarctic GZWs for which length and thickness data are available all occur 
within cross-shelf troughs with reverse, landward-dipping slopes (Anderson, 1999; 
Livingston et al., 2012; Batchelor and Dowdeswell, 2013).  It is possible that GZWs forming 
on reverse slopes may have reduced vertical accommodation space beneath an ice shelf 
compared with GZWs on seaward-dipping slopes.  However, length and thickness data are 
only available for a relatively small number of Antarctic GZWs (14), compared with a larger 
number of GZWs reported from the Greenland margin (37). 
 
4.3 Seismic architecture of GZWs 
 
4.3.1 Description 
    High-resolution seismic data has made it possible for the internal-reflection configuration 
of GZWs to be resolved (e.g. Anderson, 1999; Mosola and Anderson, 2006; Dowdeswell and 
Fugelli, 2012).  Seismic data are therefore valuable for identifying GZWs in the geological 
record and for distinguishing GZWs from other types of ice-marginal landforms.  Surface and 
buried GZWs are shown to possess similar acoustic characteristics on high-latitude 
continental margins (Figs. 8 and 9).   
    GZWs are distinguished primarily by their asymmetric geometry, with steeper ice-distal 
sides and shallower ice-proximal sides (typically significantly less than 1°).  GZW 
asymmetry is particularly apparent on vertically-exaggerated seismic-reflection profiles of 
the shelf, on which GZWs are displayed as pronounced topographic features (Figs. 8 and 9).  
The upper surface of a GZW is typically shown as a continuous reflection on seismic profiles.  
The upper GZW surface is sometimes incised by v-shaped indentations, which represent 
ploughmarks produced by the action of iceberg keels grounding in sea-floor sediments (Fig. 
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8B).  The basal reflection of a GZW often truncates underlying reflections on the shelf (Fig. 
8B, D).  More rarely, channel-like forms, characterised by onlapping reflections and v-shaped 
incisions, are identified within GZWs (McMullen et al., 2006; Dowdeswell and Fugelli, 
2012).   
    High-latitude GZWs typically possess a transparent to semi-transparent acoustic character 
on seismic profiles (Table 2; Figs. 8 and 9) (e.g. Ó Cofaigh et al., 2005a; Ottesen et al., 2008; 
Dowdeswell and Fugelli, 2012; Batchelor et al., 2014).  A chaotic acoustic signature has also 
been described for several Antarctic GZWs (e.g. Anderson, 1999; Lowe and Anderson, 2002; 
Heroy and Anderson, 2005; Mosola and Anderson, 2006).  High-latitude GZWs commonly 
contain low-angle (around 1°) reflections that dip in a seaward direction (Table 2; Figs. 8 and 
9) (Larter and Vanneste, 1995; Anderson, 1999; Ó Cofaigh et al., 2005a; Dowdeswell and 
Fugelli, 2012; Rydningen et al., 2013; Batchelor et al., 2014).   
 
4.3.2 Interpretation 
    The asymmetric geometry of high-latitude GZWs in the direction of past ice-flow (Figs. 8 
and 9) reflects the conditions under which the diamictic sediment that comprises these 
landforms was deposited at the grounding zone and redistributed on the continental shelf.  
During GZW formation, the emplacement of diamictic sediment probably occurs within the 
low-angle roofed, water-filled cavities that exist between the sea floor and the base of ice 
shelves (Fig. 1A).  Sediment deposition is concentrated at the ice-distal side of the GZW, 
allowing the wedge to build in a horizontal and seaward direction.  The low-gradient ice-shelf 
base (Fig. 1A) restricts vertical development of the GZW, leading to the formation of a low-
angle slope on the ice-proximal side of the wedge (Dowdeswell and Fugelli, 2012).  Once the 
sediment is released at the grounding zone, it is then redistributed by gravity-flow processes 
to form the steeper ice-distal side of the GZW (King et al., 1991; Powell and Alley, 1997).  
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The truncation of underlying reflections by the basal reflection of a GZW indicates erosion 
prior to the time of GZW initiation (Dowdeswell and Fugelli, 2012).   
    The transparent to chaotic acoustic character of high-latitude GZWs (Table 2; Figs. 8 and 
9) reflects the delivery of unsorted diamictic debris to the grounding zone.  This sediment is 
probably derived predominantly from the deformable layer of sediment that has been reported 
to exist beneath fast-flowing ice streams (Alley et al., 1986; Blankenship et al., 1987; Canals 
et al., 2000; Dowdeswell et al., 2004; Ó Cofaigh et al., 2005a; Anandakrishnan et al., 2007; 
Smith et al., 2007; Smith and Murray, 2009; Horgan et al., 2013).  The low reflectivity of 
GZWs may also indicate some degree of sediment reworking or deformation during short-
term fluctuations in the grounding-zone position.  The low-amplitude dipping reflections 
which have been described within many high-latitude GZWs (Table 2; Figs. 8 and 9) are 
interpreted to represent sediment progradation and seaward growth of the wedge through 
continued delivery of diamictic material supplied from the flow of active ice (Larter and 
Vanneste, 1995; Anderson, 1999; Ó Cofaigh et al., 2005a; Dowdeswell and Fugelli, 2012; 
Bjarnadóttir et al., 2013).  
    A number of GZWs have been shown to possess a more complex internal structure, with 
internal dipping reflections downlapping onto multiple erosion surfaces within the wedge 
(Fig. 9).  Downlapping reflections within a GZW may indicate different phases of 
sedimentation; for example, during minor oscillations in the grounding-zone position or 
during different phases of wedge build-up over successive glaciations.  The erosional, 
channel-like forms which have been identified within some high-latitude GZWs may have 
been produced by the flow of meltwater within subglacial channel systems (McMullen et al., 
2006; Dowdeswell and Fugelli, 2012).  The channel-like incisions are not topographically 
controlled (Dowdeswell and Fugelli, 2012), implying that meltwater flow occurred at a high 
water-pressure within the channels (Röthlisberger, 1972; Shreve, 1972).   
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    GZWs on high-latitude continental margins exhibit a large degree of similarity in their 
morphological and acoustic characteristics (Figs. 8 and 9).  This probably reflects their 
formation predominantly through the continued deposition of deformable till at the 
grounding-zone of high-latitude ice streams.  GZWs appear to be largely absent from the sea 
floor of lower-latitude but formerly glaciated shelves, probably due to the absence of ice 
shelves, which are not able to survive the significant summer melting in these locations.  In 
fact, ice shelves appear to be restricted to environments colder than the -5 °C mean annual 
isotherm (Vaughan and Doake, 1996).  Ice-marginal depocentres on lower-latitude margins, 
in which ice-sheet mass loss was dominated by meltwater runoff (Siegert and Dowdeswell, 
2002), were probably formed by a greater variety of processes compared with high-latitude 
GZWs, including a larger component of sedimentation through meltwater runoff.  It is 
therefore possible that depocentres on lower-latitude margins, or in locations where free-
flowing meltwater was abundant, exhibit a wider range of acoustic characteristics compared 
with GZWs on high-latitude margins.  In particular, ice-marginal deposits formed in regions 
with abundant meltwater may contain more sorted sediments and/or erosional meltwater 
channels. 
 
4.4 GZW locations on the continental shelf 
    Many of the high-latitude GZWs shown in Figures 3 and 4 can be categorised as one or 
more of four distinctive ‘types’ based on their location on the continental shelf: 1) at vertical 
pinning points in the underlying bathymetry; 2) at lateral pinning points caused by the 
narrowing of a cross-shelf trough or fjord; 3) on the outermost shelf; and 4) at the outer-shelf 
lateral margins of a cross-shelf trough (Table 2 and Fig. 10).  This classification is based on 
information on GZWs provided in previous studies, together with observations of available 
bathymetric and acoustic data.  A location ‘type’ is lacking for a number of the GZWs 
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described in Table 2.  In these cases, there may be a lack of information available about the 
GZW and the geometry of the surrounding shelf.  Alternatively, the location at which the 
GZW formed may have been interpreted to have been largely uninfluenced by the geometry 
of the shelf. 
 
4.4.1 Vertical pinning points 
 
Description 
    A number of high-latitude GZWs occur in association with bathymetric highs that have 
been interpreted to have provided vertical pinning points for ice stabilisation during retreat 
(Table 2; Figs. 8F, 10A and B) (Echelmeyer et al., 1991; Joughin et al., 2004; Ottesen et al., 
2007; Dowdeswell and Fugelli, 2012).  Examples of GZWs formed at vertical pinning points 
include several of the wedges off northwest Greenland (nos. 39, 42 and 46 in Fig. 3C) and the 
two most landward GZWs in eastern Pine Island Trough, West Antarctica, which are also 
associated with lateral constrictions of the trough (nos. 106 and 107 in Fig. 4A).  The GZW 
shown in Figure 8F, which was identified using newly-available seismic reflection data from 
the northwest Greenland margin, is interpreted to have formed at this location due to a 
prominent bedrock high in the underlying bathymetry. 
 
Interpretation 
    Although the position of still-stands during retreat of an ice margin is dependent on a 
number of factors, including ice-sheet mass balance, the geometry of the continental shelf can 
influence the locations at which GZWs form through exerting a fundamental control on 
grounding-zone stability (Dowdeswell and Siegert, 1999; Venteris, 1999; Schoof, 2007; Nick 
et al., 2009; Gudmundsson et al., 2012; Jamieson et al., 2012).  Shallower water depths 
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caused by topographic highs encourage stabilisation of the grounding zone through reducing 
the mass flow across the grounding zone, assuming a constant ice velocity.  Bedrock outcrops 
on the sea floor can act as vertical pinning points (e.g. Fig. 8F), as can accumulations of 
sediment that were deposited during earlier still-stands of the grounding zone (e.g. Rüther et 
al., 2011). 
    The retreat style of an ice stream can be influenced greatly by the gradient and slope-
direction of a cross-shelf trough or fjord.  The grounding zones of ice streams which extend 
across seaward-dipping regions of the shelf have been suggested to be inherently more stable 
than for ice streams on reverse, landward-dipping slopes in which the sea-floor becomes 
progressively deeper inshore (e.g. Schoof, 2007; Nick et al., 2009; Katz and Worster, 2010).  
Ice streams which retreat through cross-shelf troughs with seaward-dipping slopes may 
therefore be more likely to undergo episodic patterns of ice retreat, in which retreat is 
punctuated by grounding-zone still-stands and GZW development, compared with ice 
streams that retreat through troughs with reverse gradient slopes, which may be more 
susceptible to rapid ice retreat (Dowdeswell et al., 2008; Graham et al., 2010; Livingstone et 
al., 2012).   
    Geophysical observations and modelling experiments indicate that periods of relative 
stability in ice retreat may coincide with low-gradient areas, or benches, in sea-floor 
topography (Weertman, 1974; Schoof, 2007; Graham et al., 2010).  For example, the five 
GZWs in eastern Pine Island Trough, West Antarctica (nos. 103 to 107 in Fig. 4A) have been 
interpreted to have formed in association with low-gradient benches in the trough’s long-
profile (Graham et al., 2010).  Conversely, regions of the trough that have steeper reverse-bed 
slopes lack evidence for grounding-zone stabilisation, suggesting phases of rapid ice retreat 
(Dowdeswell et al., 2008; Graham et al., 2010).   
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    Although the depth and gradient of the sea floor can influence the position of still-stands in 
a retreating ice margin, rapid ice retreat does not necessarily occur on reverse slopes or at 
vertical pinning points (Shipp et al., 2002; Dowdeswell et al., 2008; Ó Cofaigh et al., 2008).  
GZWs are present on reverse, landward-dipping slopes in a large number of cross-shelf 
troughs, including Marguerite, Belgica, Pine Island and Getz–Dotson troughs off Antarctica 
(nos. 87 to 112 in Fig. 4A), where they indicate periods of stabilisation in the former 
grounding zone (Lowe and Anderson, 2002; Ó Cofaigh et al., 2005a, b; Graham et al., 2009, 
2010; Jamieson et al., 2012; Kirshner et al., 2012). 
 
4.4.2 Lateral pinning points 
 
Description 
    A number of high-latitude GZWs occur in association with a reduction in the across-trough 
width of a cross-shelf trough or fjord (Table 2; Fig. 10C and D).  These locations have been 
suggested to act as lateral pinning points for grounding-zone stabilisation during retreat 
(Ottesen et al., 2005a; Jamieson et al., 2012).  GZWs have been interpreted previously to 
have formed at lateral pinning points on the western Svalbard and Norwegian margins (nos. 
12, 13 and 28 to 31 in Fig. 3B) (Ottesen et al., 2005a, 2007, 2008; Winsborrow et al., 2010), 
in Arctic Canada (no. 2 in Fig. 3A) (Batchelor et al., 2014), and in Marguerite Trough, 
Antarctic Peninsula (nos. 87 to 98 in Fig. 4A) (Jamieson et al., 2012). 
 
Interpretation 
    A reduction in the width of a cross-shelf trough or fjord encourages grounding-zone 
stability through increasing the lateral drag that is exerted on the glacier and its floating ice 
shelf (Echelmeyer et al., 1991, 1994; Whillans and van der Veen, 1997; Joughin et al., 2004).   
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The increase in lateral drag restricts the flow rate across the grounding zone.  Ice-sheet 
thickening and surface steepening will occur upstream of the lateral pinning point in order to 
balance the increased lateral drag with an increase in the force that drives ice flow.  In a 
recent numerical simulation of ice-stream retreat through Marguerite Trough on the Antarctic 
Peninsula, Jamieson et al. (2012) suggested that the locations of eight GZWs within the 
trough (nos. 87 to 94 in Fig. 4A) corresponded with lateral pinning points at the trough sides.  
Although the ice stream width was parameterised and the trough margins were estimated 
from sparse regional bathymetry data in the flow-band model of Jamieson et al. (2012), their 
study demonstrates the influence of trough width as a control on grounding-zone stability. 
    Reductions in cross-shelf trough width are often caused by the position of shallow banks or 
islands on the continental shelf, which act as lateral pinning points for ice stabilisation during 
retreat (e.g. Fig. 10C and D).  Still-stands in the ice-margin position commonly occur at fjord 
mouths (e.g. nos. 14 and 28 in Table 2 and Fig. 3B), where the ice stream becomes 
constrained by fjord and valley-wall morphology.  Still-stands in the ice-margin position can 
also occur as a result of the narrowing of cross-shelf troughs on the middle-shelf (e.g. nos. 54 
and 55 in Fig. 3C).  The majority of cross-shelf troughs in the High Arctic widen significantly 
towards the shelf break as a result of ice emerging from the constraints of fjords or inter-
island channels into open-shelf settings in which topographic control was lost (Batchelor and 
Dowdeswell, 2014).  Many High Arctic ice streams therefore experienced a reduction in 
width as they retreated back inland from the wider outer-shelf to the more constrained 
geometry of the middle- and inner-shelf.   
 
4.4.3 Outermost continental shelf 
 
Description 
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    Some high-latitude GZWs occur on the outermost continental shelf of cross-shelf troughs 
(Fig. 10E and F).  GZWs are identified close to the shelf break on the western Svalbard and 
Norwegian margins (nos. 18, 32 and 34 in Fig. 3B), on the northwest and northeast 
Greenland margins (nos. 45, 61, 64 and 67 in Fig. 3C) and off West Antarctica (nos. 116, 124 
and 126 in Fig. 4B).  A seismic example of a GZW formed on the outermost shelf within 
Melville Bay Trough, northwest Greenland is shown in Figure 8E.  The landform close to the 
shelf break in Melville Bay Trough (Fig. 8E) is interpreted as a GZW due to its asymmetric 
geometry and low-amplitude internal reflections which dip in a seaward direction.  The 
continental slope beyond Melville Bay Trough has also been interpreted as the site of a major 
trough-mouth fan (Ó Cofaigh et al., 2013; Batchelor and Dowdeswell, 2014).  The GZW 
which is identified on the outermost shelf of the trough (Fig. 8E) is distinct from the trough-
mouth fan on the adjacent slope.  Whereas GZWs have positive-relief geometry and are 
formed mainly through subglacial deposition of deforming till at the grounding zone during 
still-stands in an ice-margin position, trough-mouth fans are composed predominantly of 
glacigenic-debris flows which are produced by the rapid delivery of deformable sediment to 
the shelf break and subsequent down-slope sediment transfer during full-glacial periods 
(Dowdeswell et al., 1998; Elverhøi et al., 1998; Vorren et al., 1998; Dowdeswell and Siegert, 
1999). 
 
Interpretation 
    The rapid delivery of deformable sediment to the shelf edge by fast-flowing ice streams 
typically results in the formation of trough-mouth fans on the continental slope (Fig. 1C) 
(Vorren et al., 1998; Dowdeswell and Siegert, 1999).  However, the occasional presence of 
GZWs on the outermost continental shelf in cross-shelf troughs (Fig. 10E and F) implies that 
the ice-stream grounding zone stabilised in this position, probably for a period of at least 
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several decades.  Further advance of the grounding zone into deepening water on the upper 
continental slope is unlikely and there is little morphological evidence of streamlined 
landforms beyond the shelf breaks of many high-latitude margins.  Accumulations of 
sediment that were deposited during previous still-stands of the ice margin can sometimes act 
as vertical pinning points close to the shelf break (Rüther et al., 2011). 
 
4.4.4 Outer-shelf lateral margins  
 
Description 
   Several high-latitude GZWs are located at the outer-shelf lateral margins of cross-shelf 
troughs (Figs. 9, 10G and H).  GZWs have been described from the outer-shelf lateral 
margins of the Amundsen Gulf and M’Clure Strait troughs in the Canadian Beaufort Sea 
(nos. 3 and 4 in Fig. 3A) (Batchelor et al., 2014), an unnamed trough and Uummannaq 
Trough off northwest Greenland (nos. 53 and 57 in Fig. 3C), and off the Antarctic Peninsula 
(nos. 83 and 84 in Fig. 4A) (Larter and Vanneste, 1995; Vanneste and Larter, 1995).  Some of 
these GZWs are shown to possess a complex internal structure, with internal dipping 
reflections downlapping onto multiple erosion surfaces within the wedge (Fig. 9).  
 
Interpretation 
    The GZWs which have been identified from the outer-shelf lateral margins of high-latitude 
cross-shelf troughs possess similar dimensions and acoustic character to other high-latitude 
GZWs (Figs. 8 and 9).  However, the locations of these wedges imply that they are not 
classical GZWs formed at the terminus of an ice stream (Dowdeswell and Fugelli, 2012).  
These landforms are, instead, interpreted as lateral GZWs which developed through the 
delivery of till to the outer-shelf lateral margins of an ice stream (Batchelor et al., 2014).  
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With lengths of 15 to 50 km and maximum thicknesses of 60 to 200 m, the six lateral GZWs 
(Table 2) are too large to be shear-zone moraines (e.g. Dyke and Morris, 1988; Stokes and 
Clark, 2002).   
    The lateral GZWs may represent the boundary between fast, ice-streaming flow in the 
troughs and slower, cold-based ice on the adjacent shelf.  However, if the wedges were 
formed at the margin between fast- and slow-flowing ice, the net sediment transfer direction 
would probably be predominantly from the region of slow-flowing ice and higher elevation 
towards the region of fast ice flow within the deeper troughs.  In contrast, the dipping internal 
reflections within the lateral GZWs demonstrate that sediment was transported predominantly 
from the troughs towards the adjacent shallow shelf (Fig. 9).   
    It is possible that the lateral GZWs formed at the boundary between ice in the troughs and 
an ice-free zone on the shelf, or where streaming ice flow diverged as it entered an ice shelf.  
Development of lateral GZWs was probably encouraged by the geometry of the continental 
shelf, with the shallower inter-trough regions of the shelf leading to reduced rates of iceberg 
calving and a still-stand in the grounding zone.  It is also possible that the lateral GZWs are 
the remnants of wider GZWs which were formed close to the shelf break.  The section of the 
GZWs which was formed directly in front of the cross-shelf troughs may have been eroded 
and removed by one or more subsequent ice-stream advances, leaving only the lateral parts of 
each landform preserved on the sea floor.  
    The lateral GZWs are probably composite features which were formed as ice streams 
repeatedly expanded their outer-shelf lateral margins (Laberg et al., 2007; Dowdeswell and 
Fugelli, 2012).  The downlapping reflections and multiple erosion surfaces that have been 
identified within the lateral GZWs (Fig. 9) indicate different phases of wedge build-up over 
successive glaciations.  The pinching out of younger sequences against the ice-proximal sides 
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of the lateral GZWs (Fig. 9A and C) provides further evidence for multiple phases of 
sediment delivery to the wedges.   
 
 
5. DISCUSSION 
 
5.1 GZWs in the geological record 
    The inventory of GZWs presented in Table 2 and Figures 3 and 4 provides a synthesis of 
the locations and morphological characteristics of GZWs on high-latitude continental 
margins.  A number of these GZWs have been categorised previously as till deltas or till 
tongues, or have been subsumed under the classification of moraines (e.g. Larter and 
Vanneste, 1995; Ottesen et al., 2005a; Laberg et al., 2007).  We propose that high-latitude 
GZWs exhibit a variety of distinguishing characteristics that generally enable them to be 
differentiated from other types of ice-marginal landforms, including moraine ridges (Fig. 2), 
in the geological record. 
    High-latitude GZWs are typically less than 15 km long and 15 to 100 m thick (Figs. 5 to 
7).  GZWs are formed along a line-source at the grounding zone; their lateral width is 
therefore constrained by the width of the palaeo-ice stream, which can reach several hundreds 
of kilometres (Table 2).  High-latitude GZWs are asymmetric in the direction of former ice-
flow with steeper ice-distal sides (Figs. 8 to 10).  They possess relatively high length-to-
height ratios compared with higher-amplitude moraine ridges (Powell, 1984; Ottesen and 
Dowdeswell, 2006).  GZWs possess a transparent to chaotic acoustic character (Table 2; Figs. 
8 and 9), which reflects the delivery of unsorted diamictic debris to the grounding zone.  The 
majority of high-latitude GZWs are characterised by low-amplitude dipping internal 
reflections (Table 2; Figs. 8 and 9), which are interpreted to represent sediment progradation 
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and seaward growth of the GZW through continued delivery of diamictic material supplied 
from the flow of active ice (Larter and Vanneste, 1995; Anderson, 1999; Ó Cofaigh et al., 
2005a; Dowdeswell and Fugelli, 2012).   
    In contrast, terminal and recessional moraines (Fig. 2) generally possess smaller 
dimensions than GZWs; moraines are typically less than 2 km long in the former ice-flow 
direction (Sexton et al., 1992; Seramur et al., 1997; Ottesen and Dowdeswell, 2006, 2009; 
Ottesen et al., 2007).  Moraines have a clear positive relief and lower length-to-height ratios 
compared with the more subdued GZWs (Fig. 2A and B).  Although they are composed of 
unsorted ice-contact sediments, and therefore possess a chaotic to transparent acoustic 
character (Stoker and Holmes, 1991; Sexton et al., 1992; King, 1993; Shaw, 2003), moraines 
generally lack the prograding internal reflections that are diagnostic of GZWs. 
    Although high-latitude GZWs exhibit a large degree of similarity in their morphological 
and acoustic characteristics (Table 2; Figs. 8 and 9), it may not be possible to categorise all 
ice-marginal landforms as either GZWs,  moraines or ice-proximal fans (Fig. 2).  Some 
landforms have been interpreted to exhibit characteristics of more than one ice-proximal 
landform; for example, the wedges in Kveithola Trough on the western Barents Sea margin 
(nos. 18 to 22 in Fig. 3B) possess the dimensions, asymmetric geometry and homogeneous 
sediments of GZWs, yet also have ice-proximal fans on their distal slopes (Bjarnadóttir et al., 
2013).  GZWs which formed in regions with relatively greater meltwater inputs may contain 
a larger component of sorted sediments, erosional meltwater channels or ice-proximal fans 
than those in settings where mass loss across the grounding zone was dominated by iceberg 
calving (Dowdeswell and Fugelli, 2012; Bjarnadóttir et al., 2013).   
 
5.2 GZWs and palaeo-ice sheet reconstruction 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
    The identification of GZWs in the geological record can provide important insights into the 
form and flow of palaeo-ice sheets.   
 
5.2.1 Ice-streams 
    GZWs have been interpreted previously as part of a typical ice-stream landform 
assemblage (Fig. 1C); their presence, in association with deformation till, MSGL or lateral 
moraines, can be used to infer the former location of an ice stream on the continental shelf 
(Dowdeswell et al., 2008; Ottesen and Dowdeswell, 2009).  In addition, the asymmetric 
geometry of GZWs, which have steeper ice-distal sides and shallower ice-proximal sides 
(Figs. 8 to 10), enables the former direction of ice-stream flow to be established.   
    In this study, the strong association between high-latitude GZWs and cross-shelf troughs or 
fjords (Figs. 3 and 4) reinforces the suggestion that fast, ice-streaming flow, which provides 
high rates of sediment delivery to the ice margin, is necessary for GZW formation 
(Dowdeswell and Elverhøi, 2002; Landvik et al., 2005; Ottesen and Dowdeswell, 2009).  We 
therefore propose that GZWs are indicators of palaeo-ice stream activity.   
 
5.2.2 Ice-margin still-stands and their duration 
    GZWs indicate periods of grounding-zone stabilisation; they can therefore provide 
information about the location and duration of still-stands or re-advances in the ice margin 
during retreat (e.g. Shipp et al., 1999; Mosola and Anderson, 2006; Ottesen et al., 2007; 
Dowdeswell et al., 2008).  GZWs are formed predominantly through the rapid delivery of 
deforming subglacial sediments to the grounding zone (King et al., 1991; Powell and Alley, 
1997).  Fluxes of around 100 m³ per year per metre of ice-stream width have been estimated 
for the delivery of diamictic subglacial sediment to an actively-forming GZW at the 
grounding zone of the modern Whillans Ice Stream, West Antarctica (Engelhardt and Kamb, 
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1997; Anandakrishnan et al., 2007).  A sediment flux of between 100 and 800 m³ per year per 
metre of ice-stream width has been estimated for the palaeo-ice stream draining Marguerite 
Trough, Antarctic Peninsula (Dowdeswell et al., 2004).   
    If sediment flux across the grounding zone is known, GZW volume can be used to estimate 
the duration of a still-stand in the ice margin (Howat and Domack, 2003).  GZWs of the 
dimensions shown in Table 2 and Figures 5 to 7, which are typically tens of metres thick and 
several tens of kilometres long, are probably produced during ice-margin still-stands of at 
least several decades to centuries, which allow for depocentres with volumes of between ten 
and several hundred cubic kilometres to build up at a relatively stable grounding zone (Larter 
and Vanneste, 1995; Alley et al., 2007; Anandakrishnan et al., 2007; Dowdeswell et al., 
2008; Dowdeswell and Fugelli, 2012).   
    Calculations of the duration of GZW formation are greatly dependent on the thickness of 
the deforming sediment layer beneath the ice stream.  The thickness of this deforming 
sediment layer has been estimated to be a few tens of cm thick for the Whillans Ice Stream in 
West Antarctica (Anandakrishnan et al., 2007), whereas Dowdeswell et al.’s (2004) 
calculation for Marguerite Trough, Antarctic Peninsula assumed a 1 m-thick deforming 
sediment layer. 
 
5.2.3 Ice shelves 
    It is difficult to discern the former extent and thickness of ice shelves during Quaternary 
full-glacial periods.  Sea-floor lineations on bathymetric highs, including the Chukchi 
Borderlands and Lomosonov Ridge in the Arctic Ocean, may provide evidence of occasional 
grounding of ice-keels from ice shelves which developed during several Quaternary 
glaciations (Polyak et al., 2001; Jakobsson et al., 2005; Niessen et al., 2013).  Sub-ice shelf 
sediments can also be identified occasionally from the sedimentological record (Powell, 
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1984; Domack et al., 1999; Kilfeather et al., 2011).  Facies successions related to ice-shelf 
retreat typically include a distal, ice-shelf glacimarine or open-marine facies, which 
comprises bioturbated muds and ice-rafted debris, overlying a diamicton, gravel-rich and 
sand-rich ice-shelf glacimarine facies that was deposited through sub-ice shelf sediment rain-
out, bottom current activity and sediment gravity flows, overlying a subglacial facies 
consisting predominantly of basal till deposited beneath grounded ice (Evans and Pudsey, 
2002).  However, there is much complexity in glacimarine lithofacies and it can be difficult 
to differentiate between open glacimarine and sub-ice shelf sediments in the sedimentological 
record.   
    GZWs are likely to be diagnostic of the former presence of ice shelves.  The low-gradient 
ice-roofed cavities of ice shelves probably force the development of GZWs through 
restricting vertical accommodation space and preventing the build-up of high-amplitude 
ridges (Powell, 1990; Dowdeswell and Fugelli, 2012).  However, the presence of a GZW in 
the geological record does not permit any inferences about the offshore extent of the former 
ice shelf beyond the grounding zone.  The absence of GZWs from the terrestrial record, in 
which arcuate moraine ridges typically build up at the margins of fast-flowing ice streams 
(e.g. Evans et al., 2008), also supports the view that floating ice shelves are required for 
GZW formation.   
 
 
5.3 Controls on GZW formation 
    GZW formation is ultimately the consequence of the delivery of sediment to the grounding 
zone during a still-stand in the ice-margin in the presence of an ice shelf that restricts vertical 
accommodation.  The formation of GZWs requires high-rates of sediment delivery to a 
marine margin that is relatively stable for at least decades to centuries (Fig. 11).   
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5.3.1 Glaciological controls 
    GZW formation can be associated with periods of ice-sheet thickening or gradual thinning.  
Still-stands in the grounding-zone position, leading to sediment progradation, are caused by 
factors that reduce ablation or increase accumulation on the ice sheet.  External, climatically-
forced thickening of an ice sheet can be triggered by a decrease in ocean or atmospheric 
temperature, a fall in sea level, or an increase in snowfall (Fig. 11).  The stability of the ice-
margin is also influenced by internal ice-sheet dynamics, including the rate of inland-ice 
delivery to the grounding-zone and the degree of coupling between the grounding zone and 
the upstream ice-sheet basin (Jamieson et al., 2012).  GZWs are also formed when the rate of 
sediment delivery to the grounding zone exceeds the rate at which space is produced at the 
upper surface of a GZW by ice thinning, leading to sediment aggradation.   
    The stability of the grounding zone may be influenced by ice-stream/ice shelf/ sediment 
interactions.  It has been suggested that the present stability of the Whillans Ice Stream, West 
Antarctica is caused by a several km-long zone of reduced basal lubrication near the 
grounding zone (Christianson et al., 2013; Horgan et al., 2013).  The zone of reduced basal 
lubrication is interpreted to have been formed by the compaction of subglacial till as a result 
of the downward flexing of grounded ice from the rising or falling tide (Christianson et al., 
2013; Horgan et al., 2013).   
 
5.3.2 Shelf topography 
    Although the stability of an ice margin is determined by external climatic factors and 
internal ice-sheet dynamics, the precise location of any still-stand or re-advance in the 
grounding-zone position is influenced strongly by the geometry of the continental shelf (Fig. 
11).  Vertical and lateral pinning points within cross-shelf troughs and fjords (Fig. 10) 
encourage grounding-zone stability through increasing the basal and lateral drag that is 
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exerted on the ice stream and its floating ice shelf, and by reducing the mass flow across the 
grounding zone (e.g. Echelmeyer et al., 1991; Hughes, 1992; Dowdeswell and Siegert, 1999; 
Joughin et al., 2004; Schoof, 2007; Gudmundsson et al., 2012). 
    Vertical pinning points (Figs. 8F, 10A and B) can be produced by bedrock or sedimentary 
topographic highs that reduce the depth of the sea floor.  The preferential formation of GZWs 
at topographic highs in cross-shelf troughs or fjords may lead to the repeated occupation of 
the same grounding-zone position and the formation of composite GZWs.  Lateral GZWs, 
which have been observed at the outer-shelf lateral margins of several high-latitude cross-
shelf troughs (Figs. 9, 10G and H), are interpreted to have been formed at the boundary 
between ice in the troughs and an ice-free zone on the shelf, or where streaming ice flow 
diverged as it entered an ice shelf (Batchelor et al., 2014).  Lateral pinning points (Fig. 10C 
and D) are caused by a narrowing in the width of a cross-shelf trough or fjord.  Lateral 
pinning points typically occur at fjord mouths, at locations where shallow banks or islands 
cause a reduction in trough width, and at middle-shelf locations where an ice stream may 
experience a reduction in width compared with its unconstrained position on the wider outer-
shelf. 
 
5.3.3 GZW formation as a mechanism for grounding-zone stability 
    The process of GZW formation, in which sediment aggradation occurs within water-filled 
cavities below ice shelves (Figs. 1A and 11), may provide a mechanism for ice-sheet 
stabilisation through filling any space that is produced immediately below the ice-shelf base 
at the grounding zone by ice thinning (Alley et al., 2007; Anandakrishnan et al., 2007).   In 
addition, when a GZW is present, the increased frictional drag produced by greater ice-
sediment contact has been suggested to slow and thicken the ice above the GZW crest.  The 
ice thickness at the grounding zone can become greater than that needed to allow floatation.  
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GZW growth may therefore counteract grounding-zone retreat induced by small (< 10 m) 
relative sea-level rise, possibly preventing or postponing rapid ice-sheet collapse (Alley et al., 
2007; Anandakrishnan et al., 2007).  Although GZWs may provide a mechanism for 
grounding-zone stabilisation, this feedback is dependent upon the initial formation of a GZW, 
which is controlled ultimately by variations in the rate of sediment delivery, the rate of ice 
thinning, and the pre-existing geometry of the continental shelf.   
 
 
6. CONCLUSIONS 
    Ice-proximal landforms, including GZWs, moraine ridges and ice-proximal fans (Fig. 2), 
build up at the grounding zone of marine-terminating ice sheets during still-stands or re-
advances of the ice margin.  The identification of ice-proximal landforms in the geological 
record can provide information about former ice-sheet dynamics and the locations of any 
still-stands or re-advances in the grounding-zone position (e.g. Shipp et al., 1999; Mosola and 
Anderson, 2006; Ottesen et al., 2007; Dowdeswell et al., 2008; Benn and Evans, 2010).  
GZWs are asymmetric wedges of sediment that are formed through the rapid delivery of 
sediment to the grounding zone (Powell and Domack, 1995; Powell and Alley, 1997).  A 
number of GZWs have been described previously from high-latitude continental shelves in 
both hemispheres (e.g. Ó Cofaigh et al., 2005a; Evans et al., 2006; Mosola and Anderson, 
2006; Ottesen et al., 2007, 2008; Rydningen et al., 2013), where they have been interpreted to 
indicate episodic palaeo-ice-stream retreat punctuated by still-stands in the grounding-zone 
position (Dowdeswell et al., 2008; Ó Cofaigh et al., 2008). 
    We have presented an inventory of 143 high-latitude GZWs (Table 2; Figs. 3 and 4) which 
is compiled from available bathymetric and acoustic data, in addition to newly-available 2-D 
seismic reflection data from the northwest and northeast Greenland margins.  A synthesis of 
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the key morphological and acoustic characteristics of GZWs, which enable them to be 
differentiated from other types of ice-proximal landforms on high-latitude continental 
shelves, such as moraine ridges and ice-proximal fans (Fig. 2), is provided. 
    Sea floor and buried GZWs possess similar acoustic and morphological characteristics on 
all high-latitude margins on which they have been identified (Table 2; Figs. 8 to 10).   
GZWs are asymmetric in the direction of former ice-flow with steeper ice-distal sides (Figs. 8 
to 10), and have relatively high length-to-height ratios compared with high-amplitude 
moraine ridges (Fig. 2) (Powell, 1984; Ottesen and Dowdeswell, 2006).  They possess a 
transparent to chaotic character on acoustic profiles (Table 2; Figs. 8 and 9), which reflects 
the delivery of unsorted diamictic debris to the grounding zone.  The majority of high-latitude 
GZWs contain low-amplitude dipping reflections (Table 2; Figs. 8 and 9), which are 
interpreted to represent seaward growth of the wedge through continued delivery of diamictic 
material to the grounding zone (Larter and Vanneste, 1995; Anderson, 1999; Ó Cofaigh et al., 
2005a; Dowdeswell and Fugelli, 2012).   
    The identification and description of GZWs in the geological record provides valuable 
information about the form and flow of palaeo-ice sheets.  The strong association between 
high-latitude GZWs and cross-shelf troughs or fjords (Figs. 3 and 4) suggests that GZW 
formation requires relatively high rates of sediment delivery to the grounding zone by fast-
flowing ice streams or outlet glaciers.  The asymmetric geometry of GZWs (Figs. 8 to 10) 
also enables the direction of former ice-streaming flow to be interpreted.  GZWs are formed 
preferentially by ice sheets with termini ending as floating ice shelves (Fig. 11) (King and 
Fader, 1986; King et al., 1987; Powell and Alley, 1997).  The low-gradient ice-roofed 
cavities of ice shelves (Fig. 1A) force GZW formation through restricting vertical 
accommodation space and preventing the build-up of high-amplitude moraine ridges (Powell, 
1990; Dowdeswell and Fugelli, 2012). 
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    GZWs indicate the locations of significant (at least decades to centuries) still-stands in the 
grounding-zone position (Larter and Vanneste, 1995; Alley et al., 2007; Anandakrishnan et 
al., 2007; Dowdeswell et al., 2008; Livingstone et al., 2012).  The precise location at which 
the grounding zone halts or re-advances is often controlled strongly by the geometry of the 
continental shelf (Fig. 11).  Many high-latitude GZWs occur at vertical and lateral pinning 
points within cross-shelf troughs or fjords (Fig. 10A to D), which encourage grounding-zone 
stability through increasing the basal and lateral drag that is exerted on the ice stream and 
reducing the mass flow across the grounding zone (Echelmeyer et al., 1991; Hughes, 1992; 
Dowdeswell and Siegert, 1999; Joughin et al., 2004; Schoof, 2007; Dowdeswell and Fugelli, 
2012; Gudmundsson et al., 2012).   
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9. FIGURE CAPTIONS 
 
Figure 1. A: Schematic diagram of the position of the grounding zone at the margin of an ice 
sheet with a floating ice shelf. B: Schematic diagram of the position of the grounding zone at 
a tidewater ice-sheet margin. C: Typical ice-stream landform assemblage produced by fast, 
ice-stream flow on a continental margin (adapted from Ottesen and Dowdeswell, 2009). D: 
Typical inter-ice stream landform assemblage produced by slow-flowing ice on a continental 
margin (adapted from Ottesen and Dowdeswell, 2009). MSGL = mega-scale glacial 
lineations. GZW = grounding-zone wedge. 
 
Figure 2. Landforms produced at the grounding zone of marine-terminating ice sheets. White 
arrows show inferred former ice-flow direction. A: Plan-view of a GZW in Vestfjorden, 
Norwegian margin (adapted from Ottesen et al., 2005b). The ice-distal side of the wedge is 
marked by the white dashed line. The wedge is overprinted by MSGL. B: Plan-view of a 
terminal-moraine ridge offshore of Nordaustlandet, Svalbard (adapted from Ottesen and 
Dowdeswell, 2006). The linear to curvilinear scours on the ridge are iceberg keel 
ploughmarks. Rhombohedral ridges are present on the ice-proximal side of the moraine ridge. 
C: Plan-view of a hummocky-terrain belt at the shelf break off northwest Svalbard (adapted 
from Ottesen and Dowdeswell, 2009). D: Plan-view of small retreat moraines in Borebukta, 
Svalbard (adapted from Ottesen and Dowdeswell, 2006). E: Schematic models of an ice-
proximal fan formed under moderate meltwater discharge and high sediment discharge 
(adapted from Powell, 1990).  
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Figure 3. Map showing approximate GZW locations in the High Arctic, as determined from 
available bathymetric and acoustic data, overlying IBCAO bathymetry data (Jakobsson et al., 
2012b). Red and blue circles are locations of surface and buried GZWs, respectively. 
Numbers refer to corresponding GZWs and references in Table 2. Red line is maximum ice-
sheet extent during the Last Glacial Maximum (North American, Laurentide Ice Sheet is from 
Dyke et al., 2002; Eurasian Ice Sheet is from Svendsen et al., 2004; Greenland Ice Sheet is 
from Ehlers and Gibbard, 2007). A dashed line indicates uncertainty in the maximum ice 
position. Black lines delimit cross-shelf troughs in which GZWs are present. A: GZW 
locations in Arctic Canada. B: GZW locations on the Barents Sea and Norwegian margins. C: 
GZW locations off Greenland (GZW locations off northwest and northeast Greenland are 
determined from newly-available seismic reflection data provided by TGS). CAA = Canadian 
Arctic Archipelago; S = Svalbard. 
 
Figure 4. Map showing approximate GZW locations in Antarctica, as determined from 
available bathymetric and acoustic data, overlying IBCAO bathymetry data (Jakobsson et al., 
2012b). Red circles are approximate locations of surface GZWs. Black lines delimit cross-
shelf troughs in which GZWs are present. The numbers refer to the corresponding GZW and 
references in Table 2. The red line is the maximum extent of the Antarctic Ice Sheet at the 
last glacial maximum (from Livingstone et al., 2012).  A dashed line indicates uncertainty in 
the maximum ice position. Black lines delimit cross-shelf troughs in which GZWs are 
present. A: GZW locations off the Antarctic Peninsula, in the Bellingshausen Sea and in the 
Amundsen Sea. B: GZW locations in the Ross Sea and in Mertz Trough, East Antarctica. C: 
GZW locations in Prydz Channel, Nielsen Basin and Iceberg Alley Trough, East Antarctica.  
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Figure 5. A: High-latitude GZW lengths, coloured by margin, as determined from available 
accounts of Arctic and Antarctic GZWs. B: Histogram of GZW lengths on the Greenland 
margin. C: Histogram of GZW lengths on the Antarctic margin.  
 
Figure 6. A: High-latitude GZW maximum thicknesses, coloured by margin, as determined 
from available accounts of Arctic and Antarctic GZWs. B: Histogram of GZW maximum 
thicknesses on the Greenland margin. C: Histogram of GZW maximum thicknesses on the 
Antarctic margin. 
 
Figure 7. High-latitude GZW dimensions, coloured by margin, as determined from available 
accounts of Arctic and Antarctic GZWs. ‘C’ is shown next to GZWs that have been 
interpreted as composite landforms formed during multiple ice advances. A: Scatter-plot of 
the relationship between GZW length and thickness. B: Scatter-plot with linear regression of 
the relationship between GZW length and thickness, omitting GZWs off Antarctica. C: 
Scatter-plot with linear regression of the relationship between GZW length and thickness for 
GZWs on the Greenland and Antarctic margins.  
 
Figure 8. Examples of GZWs on seismic profiles from high-latitude continental margins. A: 
Buried GZW in Amundsen Gulf Trough, Canadian Beaufort Sea (no. 2 in Fig. 3A and Table 
2) (adapted from Batchelor et al., 2014). Vertical exaggeration (VE) = 30. Yellow line is 
GZW outline. B: Surface GZW in Norske Trough, Northeast Greenland (no. 58 in Fig. 3C 
and Table 2). VE = 30. C: Large, possibly composite GZW in Prydz Channel Trough, East 
Antarctica (no. 134 in Fig. 4C and Table 2) (adapted from O’Brien et al., 1999). VE = 20.  
Twt is two-way travel time. A velocity of 1500 m/s was used to calculate the approximate 
depth scale. D: Small outer-shelf GZW in Melville Bugt Trough, Northwest Greenland (no. 
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49 in Fig. 3C and Table 2). VE = 12. E: GZW on the outermost shelf of Melville Bay Trough, 
Northwest Greenland (no. 45 in Fig. 3C and Table 2). VE = 17. F: Topographically-
controlled GZW on a bedrock high in an unnamed trough, Northwest Greenland (no. 39 in 
Figs. 3C and Table 2). VE = 17. Yellow line is basal reflection of wedge in B to F. Seismic 
reflection data in B and D to F is provided by TGS. 
 
Figure 9. Seismic examples of GZWs formed at the outer-shelf lateral margins of high-
latitude cross-shelf troughs, overlying IBCAO bathymetry data (Jakobsson et al., 2012b). A: 
GZW formed at the southern lateral margin of an unnamed trough off Northwest Greenland 
(no. 53 in Fig. 3C and Table 2). VE = 32. Seismic reflection data provided by TGS. B: 
IBCAO sea floor bathymetry (50 m contours; Jakobsson et al., 2012) of an unnamed trough 
off Northwest Greenland, showing the location of the seismic profile in A. C: GZW formed 
at the northern lateral margin of the Amundsen Gulf Trough, Canadian Beaufort Sea margin 
(no. 3 in Fig. 3A and Table 2) (adapted from Batchelor et al., 2014). VE = 55. D: GZW 
formed at the southern lateral margin of the M’Clure Strait Trough, Canadian Beaufort Sea 
margin (no. 4 in Fig. 3A and Table 2) (adapted from Batchelor et al., 2014). VE = 45. E: 
IBCAO sea floor bathymetry (50 m contours; Jakobsson et al., 2012) of the Amundsen Gulf 
and M’Clure Strait troughs on the Canadian Beaufort Sea margin, showing the locations of 
the seismic profiles in C and D. Yellow line is basal reflection of GZWs in A, C and D. 
Dashed yellow lines are horizons onto which internal reflections downlap, suggesting several 
different phases of wedge formation.  
 
Figure 10. A: Schematic model of an idealised cross-shelf trough with a GZW formed at a 
vertical pinning point. B: IBCAO bathymetry (Jakobsson et al., 2012b) of an unnamed trough 
off northwest Greenland, showing the location of seismic profile b – b’ through a GZW 
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formed at a vertical pinning point (no. 39 in Fig. 3C). Seismic profile b – b’ is from newly-
available seismic data provided by TGS. C: Schematic model of an idealised cross-shelf 
trough with a GZW formed at a lateral pinning point. D: IBCAO bathymetry of Kongsfjorden 
Trough on the western Barents Sea margin, showing the location of sparker profile d – d’ 
through a GZW formed at a lateral pinning point (no. 12 in Fig. 3B). Sparker profile d - d’ is 
adapted from Ottesen et al., 2007. E: Schematic model of an idealised cross-shelf trough with 
a GZW formed on the outermost continental shelf. F: IBCAO bathymetry of Kveithola 
Trough on the western Barents Sea margin, showing the location of CHIRP profile f – f’ 
through a GZW formed on the outermost continental shelf (no. 18 in Fig. 3B). CHIRP profile 
f – f’ is adapted from Rebesco et al., 2011.  G: Schematic model of an idealised cross-shelf 
trough with a GZW formed at the outer-shelf lateral margin. H: IBCAO bathymetry of 
Amundsen Gulf Trough on the Canadian Beaufort Sea margin, showing the location of 
seismic profile h – h’ through a GZW formed at the outer-shelf lateral margin of the trough 
(no. 3 in Fig. 3A). Seismic profile h – h’ is adapted from Batchelor et al., 2014. 
 
Figure 11. Diagram illustrating the factors controlling the formation of GZWs on high-
latitude continental margins. 
 
Table 1. List of ice-marginal landforms produced at the grounding zone of marine-
terminating ice sheets and glaciers, together with the terminologies that have been assigned 
previously to them. 
 
Table 2. The dimensions and characteristics of grounding-zone wedges on high-latitude 
continental margins, as determined from available accounts of Arctic and Antarctic cross-
shelf troughs. Type 1, 2, 3 and 4 GZWs have been interpreted to have developed at vertical 
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pinning points, at lateral pinning points, on the outermost continental shelf, and at the outer-
shelf lateral margins, respectively. *Thickness is maximum grounding-zone wedge thickness. 
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Table 2 
No. Location Position  Length 
(km) 
Width 
(km) 
Thickness 
(m) * 
Acoustic 
character 
Chronology Type References 
Canadian Arctic 
1. Mackenzie 
Trough 
Mid/ 
outer-
shelf 
14 25 100 Low-amplitude 
stratified 
reflections 
Buried 1. Vert. Batchelor et 
al., 2013a, b 
2. Amundsen 
Gulf Trough 
Middle-
shelf 
50 30 127 Semi-
transparent, low-
amplitude 
dipping 
reflections 
Buried 2. Lat. Batchelor et 
al., 2013a, 
2014 
3. Amundsen 
Gulf Trough 
Outer-
shelf 
lateral 
margin 
50  200 Semi-
transparent, low-
amplitude 
dipping 
reflections 
Surface 
Composite 
4. 
Marg. 
Batchelor et 
al., 2013a, 
2014 
4. M’Clure Strait 
Trough 
Outer-
shelf 
lateral 
margin 
40  150 Semi-
transparent, low-
amplitude 
dipping 
reflections 
Surface 
Composite 
4. 
Marg. 
Batchelor et 
al., 2013a, 
2014 
5. Lancaster 
Sound 
Trough 
7 
wedges 
on outer-
most 
shelf 
16 
(largest 
wedge) 
 37 Transparent with 
rare dipping 
reflections and 
erosional base 
Surface  Li et al., 2011 
Northern Barents Sea 
6. Albertini 
Trough 
Outer-
shelf 
    Surface  Noormets et 
al., 2012 
7-11. Olga Strait  Barents 
Sea 
2  10 - 15 Transparent Surface  Hogan et al., 
2010 
Western Barents Sea 
12. Kongsfjorden Mid-shelf 5  30 Transparent Surface 2. Lat. Ottesen et al., 
2005a, 2007 
13. Isfjorden Mid-shelf 10  40  Surface 2. Lat. Svendsen et 
al., 1992, 
1996; Ottesen 
et al., 2005a, 
2007 
14. Grønfjorden Outer-
fjord/ 
inner-
shelf 
4  10 Transparent Surface 1. Vert. Forwick and 
Vorren, 2011 
15-
17. 
Storfjorden 3 
wedges 
on mid/ 
outer-
shelf 
    Surface  
16.3 – 10 ka 
(C14) 
 Pedrosa et al., 
2011; Lucchi 
et al., 2012 
18. Kveithola 
Trough 
Outer-
most 
shelf 
10 - 13  70 Transparent Surface 3. 
Outer-
most 
shelf 
Rebesco et al., 
2011; 
Bjarnadóttir et 
al., 2013 
19. Kveithola 
Trough 
Outer-
shelf 
10 - 13  30 - 60 Transparent Surface 2. Lat. Rebesco et al., 
2011; 
Bjarnadóttir et 
al., 2013 
20. Kveithola 
Trough 
Mid-shelf 10 - 13  30 - 60 Transparent Surface  Rebesco et al., 
2011; 
Bjarnadóttir et 
al., 2013 
21. Kveithola 
Trough 
Mid-shelf 10 - 13  30 - 60 Transparent Surface  Bjarnadóttir et 
al., 2013 
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22. Kveithola 
Trough 
Mid-shelf 10 - 13  30 - 60 Transparent Surface  Bjarnadóttir et 
al., 2013 
23. Bear Island 
Trough 
Outer-
shelf 
30  280 85 Transparent to 
chaotic 
Surface 
17.1 – 17.6 
ka 
1. Vert. Andreassen et 
al., 2008; 
Winsborrow et 
al., 2010; 
Rüther et al., 
2011 
24. Bear Island 
Trough 
Mid-shelf     Surface  Andreassen et 
al., 2008; 
Winsborrow et 
al., 2010 
25. Bear Island 
Trough 
Inner-
shelf 
    Surface  Andreassen et 
al., 2008; 
Winsborrow et 
al., 2010 
26. Bear Island 
Trough 
Inner-
shelf 
    Surface  Andreassen et 
al., 2008; 
Winsborrow et 
al., 2010 
27.       Bear Island  
Trough 
Inner-
shelf 
15 66 20 Transparent Surface  Andreassen et 
al., 2014 
Norwegian Margin 
28. Porsangerfjor
-den 
Outer-
fjord/ 
inner-
shelf 
10    Surface 2. Lat. Ottesen et al., 
2008; 
Winsborrow et 
al., 2010 
29. Håkjerringdju
-pet 
Outer-
shelf 
12  40  Surface 2. Lat. Ottesen et al., 
2008; 
Winsborrow et 
al., 2010, 2012 
30. Håkjerringdju
-pet 
Outer-
shelf 
8  25  Surface 2. Lat. Ottesen et al., 
2008; 
Winsborrow et 
al., 2010, 2012 
31. Rebbenesedj
-upet 
Outer-
shelf 
15 16 30 Transparent Surface 2. Lat. Ottesen et al., 
2008; 
Winsborrow et 
al., 2010; 
Rydningen et 
al., 2013 
32. Malangsdjup-
et 
Outer-
most 
shelf 
   Transparent with 
dipping 
reflections 
Surface 3. 
Outer-
most 
shelf 
Rydningen et 
al., 2013 
33. Malangsdjup-
et 
Outer-
shelf 
15 20 100 Transparent Surface 2. Lat. Ottesen et al., 
2008; 
Rydningen et 
al., 2013 
34. Andfjorden 
(Egga 
moraines) 
Outer-
most 
shelf 
   Transparent with 
dipping 
reflections 
Surface 3. 
Outer-
most 
shelf 
Vorren and 
Plassen, 2002; 
Ottesen et al., 
2007;  
Rydningen et 
al., 2013 
35. Vestfjorden 
(Røst 
moraine/ 
Tennholmen 
Ridge) 
Inner-
trough 
20 60 80 Transparent Surface 
16.2 ka 
 Ottesen et al., 
2005a, b; 
Knies et al., 
2007; 
Dowdeswell et 
al., 2008; 
Laberg et al., 
2007, 2009 
36. Vestfjorden 
(Værøy 
moraine) 
Inner-
trough 
5 30  Transparent Surface 
14.5 ka 
 Ottesen et al., 
2005a, b; 
Knies et al., 
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2007; 
Dowdeswell et 
al., 2008; 
Laberg et al., 
2007, 2009 
37. Vestfjorden 
(Salten 
moraine) 
Inner-
trough 
 20  Transparent Surface 
< 16.2 ka 
 Ottesen et al., 
2005a, b; 
Knies et al., 
2007; 
Dowdeswell et 
al., 2008; 
Laberg et al., 
2007, 2009 
Southwest Greenland 
38.        Fiskenæs           Mid-shelf                                                                                            Surface                            Ryan et al., In                                                                                                                                                                                
             Trough                                                                                                                                                                  Press 
Northwest Greenland 
39. Unnamed 
Trough 
Lateral, 
outer-
shelf 
10  120 Semi-
transparent with 
dipping 
reflections 
Surface 1. Vert. Dowdeswell 
and Fugelli, 
2012 
40. Inter-trough 
region of 
shelf 
 14  80 Semi-
transparent with 
dipping 
reflections 
Buried  Dowdeswell 
and Fugelli, 
2012 
41. Melville Bay 
Trough 
Lateral, 
outer-
shelf 
7  100 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
42. Melville Bay 
Trough 
Outer-
shelf 
7  55 Semi-
transparent 
Surface 1. Vert. Dowdeswell 
and Fugelli, 
2012 
43. Melville Bay 
Trough 
Outer-
shelf 
5  60  Surface  Dowdeswell 
and Fugelli, 
2012 
44. Melville Bay 
Trough 
Outer-
shelf 
12  120 Dipping internal 
reflections 
Surface  Dowdeswell 
and Fugelli, 
2012 
45. Melville Bay 
Trough 
Outer-
most 
shelf 
2.5  60 Semi-
transparent with 
dipping 
reflections 
Surface 3. 
Outer-
most 
shelf 
Dowdeswell 
and Fugelli, 
2012 
46. Melville Bay 
Trough 
Mid-shelf 7  85 Dipping internal 
reflections 
Surface 1. Vert. Dowdeswell 
and Fugelli, 
2012 
47. Melville Bay 
Trough 
Inner-
shelf 
3  30 Semi-
transparent with 
truncation at 
base 
Surface   
48. Melville Bay 
Trough 
Outer-
shelf 
8  80 Dipping internal 
reflections 
Surface  Dowdeswell 
and Fugelli, 
2012 
49. Melville Bay 
Trough 
Outer-
shelf 
6  80  Surface  Dowdeswell 
and Fugelli, 
2012 
50. Melville Bay 
Trough 
Mid-shelf 4  40  Surface   
 
 
51. Unnamed 
Trough 
Inner-
shelf 
21  140 Semi-
transparent with 
dipping internal 
reflections 
Surface  Dowdeswell 
and Fugelli, 
2012 
52. Unnamed 
Trough 
Inner-
shelf 
7  100  Surface  Dowdeswell 
and Fugelli, 
2012 
53. Unnamed 
Trough 
Lateral 
outer-
15  120 Semi-
transparent with 
Surface 4. 
Marg. 
Dowdeswell 
and Fugelli, 
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shelf 
margin 
dipping internal 
reflections 
2012 
54. Uummannaq 
Trough 
Inner-
shelf 
  25  Surface 2. Lat. Dowdeswell et 
al., 2014. 
55. Uummannaq 
Trough 
Inner-
shelf 
9  25  Surface 2. Lat. Dowdeswell et 
al., 2014. 
56. Uummannaq 
Trough 
Mid-shelf 28  40  Surface  Dowdeswell et 
al., 2014. 
57. Uummannaq 
Trough 
Lateral 
margin 
20  100 Semi-
transparent with 
dipping internal 
reflections 
Buried 
Composite 
4. 
Marg. 
Dowdeswell 
and Fugelli, 
2012 
Northeast Greenland 
58. Norske 
Trough 
Mid-shelf 21  105 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
 
 
59. Norske 
Trough 
Mid-shelf 47  200 Semi-
transparent with 
dipping internal 
reflections 
Surface 
Composite 
  Dowdeswell 
and Fugelli, 
2012 
60. Norske 
Trough 
Outer-
shelf 
36  180 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
61. Norske 
Trough 
Outer-
most 
shelf  
7  80 Semi-
transparent with 
dipping internal 
reflections 
Buried 3. 
Outer-
most 
shelf 
Dowdeswell 
and Fugelli, 
2012 
62. Norske 
Trough 
Mid-shelf 15  120 Semi-
transparent 
Buried 
 
 Dowdeswell 
and Fugelli, 
2012 
63. Norske 
Trough 
Outer-
shelf 
9  80 Semi-
transparent 
Buried 
 
 Dowdeswell 
and Fugelli, 
2012 
64. Norske 
Trough 
Outer-
most 
shelf 
4  130 Semi-
transparent with 
dipping internal 
reflections 
Surface 3. 
Outer-
most 
shelf 
Dowdeswell 
and Fugelli, 
2012 
65. Norske 
Trough 
Inner-
shelf 
14  100 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012; Laberg 
et al., 2014 
66. Norske 
Trough 
Middle-
shelf 
1  120 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
67. Norske 
Trough 
Outer-
most 
shelf 
2  140 Semi-
transparent 
Surface 3. 
Outer-
most 
shelf 
Dowdeswell 
and Fugelli, 
2012; Laberg 
et al., 2014 
68. Store 
Koldewey 
Trough 
Inner-
shelf 
12  80 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
69. Store 
Koldewey 
Trough 
Middle-
shelf 
2.5  50  Surface  Dowdeswell 
and Fugelli, 
2012 
70. Store 
Koldewey 
Trough 
Middle-
shelf 
37  110 Semi-
transparent 
Buried  Dowdeswell 
and Fugelli, 
2012 
71.. Store 
Koldewey 
Trough 
Outer-
shelf 
30  80 Semi-
transparent 
Buried  Dowdeswell 
and Fugelli, 
2012 
72. Store 
Koldewey 
Trough 
Inner-
shelf 
10  100 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
73. Store Middle- 5  70 Semi- Surface  Dowdeswell 
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Koldewey 
Trough 
shelf transparent and Fugelli, 
2012 
74. Store 
Koldewey 
Trough 
Middle-
shelf 
2  110 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
75. Store 
Koldewey 
Trough 
Middle-
shelf 
10  100 Semi-
transparent 
Surface  Dowdeswell 
and Fugelli, 
2012 
76. Store 
Koldewey 
Trough 
Middle-
shelf 
15  70 Semi-
transparent 
Buried  Dowdeswell 
and Fugelli, 
2012 
Antarctic Peninsula 
77. Filchner 
Trough 
Outer-
shelf 
   Transparent Surface  Larter et al., 
2012 
78. Crane Fjord Fjord 
mouth 
    Surface  Rebesco et al., 
2014 
79. Northern 
Larsen A  
Mid-shelf     Surface  Evans et al., 
2005 
80. Prince 
Gustav 
Channel 
Mid-shelf 80   Massive to 
chaotic, 
seaward-dipping 
downlapping 
reflections 
Surface  Anderson, 
1997, 1999; 
Anderson et 
al., 2002; 
Evans et al., 
2005 
81. Shelf beyond 
Larsen Inlet 
Mid-shelf     Surface  Gilbert et al., 
2003; Evans et 
al., 2005 
82. Vega Trough Outer-
shelf 
  75  Surface 
Min. 18,410 
cal yr BP 
 Anderson, 
1997; Bentley 
and Anderson, 
1998; Heroy 
and Anderson, 
2005 
83. Boyd Strait Outer-
shelf 
  75  Surface 4. 
Marg 
Vanneste and 
Larter, 1995 
84. Anvers 
Trough 
Outer-
shelf 
lateral 
margin 
30  > 60 Low-amplitude 
dipping parallel 
to subparallel 
reflections 
Surface 4. 
Marg. 
Larter and 
Vanneste, 
1995; 
Vanneste and 
Larter, 1995 
85. Anvers 
Trough 
Mid-shelf 17  50  Surface  Vanneste and 
Larter, 1995 
86. Barilari Bay Inner-
shelf 
8    Surface  Christ et al., 
2014 
87. Marguerite 
Trough 
Outer-
shelf 
  > 20  Transparent with 
dipping 
reflections 
Surface 2. Lat. Bentley and 
Anderson, 
1998; Ó 
Cofaigh et al., 
2002, 2005a, 
2008; 
Jamieson et 
al., 2012 
88. Marguerite 
Trough 
Outer-
shelf 
  > 20 Transparent with 
dipping 
reflections 
Surface 2. Lat. Bentley and 
Anderson, 
1998; Ó 
Cofaigh et al., 
2002, 2005a, 
2008; 
Jamieson et 
al., 2012 
89. Marguerite 
Trough 
Mid-shelf     Surface 2. Lat. Ó Cofaigh et 
al., 2005a;  
Jamieson et 
al., 2012 
90. Marguerite 
Trough 
Mid-shelf     Surface 2. Lat. Ó Cofaigh et 
al., 2005a;  
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Jamieson et 
al., 2012 
91. Marguerite 
Trough 
Mid-shelf     Surface 2. Lat. Ó Cofaigh et 
al., 2005a;  
Jamieson et 
al., 2012 
92. Marguerite 
Trough 
Mid-shelf     Surface 2. Lat. Ó Cofaigh et 
al., 2005a;  
Jamieson et 
al., 2012 
93. Marguerite 
Trough 
Mid-shelf     Surface 2. Lat. Ó Cofaigh et 
al., 2005a;  
Jamieson et 
al., 2012 
94. Marguerite 
Trough 
Inner-
shelf 
    Surface 2. Lat. Ó Cofaigh et 
al., 2005a;  
Jamieson et 
al., 2012 
95. Marguerite 
Trough 
     Surface  Livingstone et 
al., 2013 
96. Marguerite 
Trough 
     Surface  Livingstone et 
al., 2013 
97. Marguerite 
Trough 
     Surface  Livingstone et 
al., 2013 
98. Marguerite 
Trough 
     Surface  Livingstone et 
al., 2013 
West Antarctic margin 
99. Belgica 
Trough 
Inner-
shelf 
40  20 Transparent with 
dipping 
reflections 
Surface  Ó Cofaigh et 
al., 2005b, 
2008   
100. Belgica 
Trough 
Inner-
shelf 
    Surface  Ó Cofaigh et 
al., 2005b 
101. Belgica 
Trough 
Mid-shelf     Surface  Ó Cofaigh et 
al., 2005b 
102. Belgica 
Trough 
Mid-shelf     Surface  Ó Cofaigh et 
al., 2005b 
103. Pine Island 
Trough East 
Outer-
shelf 
  20 Transparent Surface 
16 – 12 ka 
 Evans et al., 
2006; Graham 
et al., 2010; 
Kirshner et al., 
2012 
104. Pine Island 
Trough East 
Outer-
shelf 
  20  Surface 
16 – 12 ka 
 Graham et al., 
2010; 
Kirshner et al., 
2012 
105. Pine Island 
Trough East 
Mid-shelf   15  Surface 
16 – 12 ka 
 Graham et al., 
2010; 
Kirshner et al., 
2012 
106. Pine Island 
Trough East 
Mid-shelf 16  35 Prograding 
layered and 
chaotic 
Surface 
16 – 12 ka 
1. Vert. 
& 2. 
Lat. 
Lowe and 
Anderson, 
2002;  
Graham et al., 
2010; 
Kirshner et al., 
2012 
107. Pine Island 
Trough East 
Mid-shelf 22 12 56 Prograding 
layered and 
chaotic 
Ice retreated 
before 12.3 
cal ka. Took 
600-2000 yrs 
to form 
1. Vert. 
& 2. 
Lat. 
Lowe and  
Anderson, 
2002;   Evans 
et al., 2006; 
Graham et al., 
2010; 
Kirshner et al., 
2012 
108. Pine Island 
Trough West 
Outer-
shelf 
20  60 Transparent Buried  Gohl et al., 
2013 
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109. Pine Island 
Trough West 
Outer-
shelf 
8   Transparent Surface  Gohl et al., 
2013 
110. Pine Island 
Trough West 
Outer-
shelf 
10  60 Transparent Buried  Gohl et al., 
2013 
111. Getz-Dotson 
Trough 
Middle-
shelf 
20   Transparent Surface  Graham et al., 
2009; Smith et 
al., 2011;  
Gohl et al., 
2013 
112. Getz-Dotson 
Trough 
Inner-
shelf 
25   Transparent Surface  Graham et al., 
2009; Smith et 
al., 2011;  
Gohl et al., 
2013 
113. Unnamed 
Trough off 
Hobbs coast 
Mid-shelf 18 8 80 Transparent Surface  Klages et al., 
2014 
114. Eastern 
Basin Trough 
6 
Inner-
shelf 
    Surface  Mosola and 
Anderson, 
2006 
115. Eastern 
Basin Trough 
6 
Inner-
shelf 
    Surface  Mosola and 
Anderson, 
2006 
116. Eastern 
Basin Trough 
6 
Outer-
most 
shelf 
    Surface 3. 
Outer-
most 
shelf 
Mosola and 
Anderson, 
2006 
117. Eastern 
Basin Trough 
5 
Inner-
shelf 
    Surface  Mosola and 
Anderson, 
2006 
118. Eastern 
Basin Trough 
5 
Mid-shelf     Surface 
Composite? 
 Mosola and 
Anderson, 
2006 
119. Eastern 
Basin Trough 
5 
Outer-
most 
shelf 
    Surface  Mosola and 
Anderson, 
2006 
120. Eastern 
Basin Trough 
4 
Mid-shelf 30    Surface  Bart, 2004; 
Mosola and 
Anderson, 
2006; Bart 
and Owolana, 
2012 
121. Eastern 
Basin Trough 
4 
Mid-shelf 140 100 80 Chaotic with 
seaward dipping 
reflections 
Surface  Bart, 2004; 
Mosola and 
Anderson, 
2006; Bart 
and Owolana, 
2012 
 
122. Eastern 
Basin Trough 
4 
Outer-
shelf 
30    Surface/ 
partially-
buried 
 Bart, 2004; 
Mosola and 
Anderson, 
2006; Bart 
and Owolana, 
2012 
123. Eastern 
Basin Trough 
4 
Outer-
shelf 
    Surface/ 
partially-
buried 
 Bart, 2004; 
Mosola and 
Anderson, 
2006; Bart 
and Owolana, 
2012 
124. Eastern 
Basin Trough 
4 
Outer-
most 
shelf 
    Surface 3. 
Outer-
most 
shelf 
Bart and 
Owolana, 
2012 
125. Eastern Inner- 100  25 Chaotic Surface  Howat and 
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Basin Trough 
3 
middle 
shelf 
Domack, 
2003; Mosola 
and 
Anderson, 
2006 
126. Eastern 
Basin Trough 
3 
Outer-
most 
shelf 
    Surface 3. 
Outer-
most 
shelf 
Howat and 
Domack, 
2003; Mosola 
and 
Anderson, 
2006 
127. JOIDES 
Central 
trough 
Mid-shelf 40  80 Concave-down 
reflections that 
dip seaward 
Surface  Anderson and 
Bartek, 1992; 
Anderson et 
al., 1992; 
Shipp and 
Anderson, 
1997; Shipp et 
al., 1999 
128. Drygalski 
Trough 
Several 
wedges 
on 
middle-
shelf 
70 
(largest 
wedge) 
   Surface  Shipp et al., 
1999 
129. Drygalski 
Trough 
Inner-
shelf 
    Surface  Greenwood et 
al., 2012 
130. Trough 
extending 
from Mackay 
glacier 
Several 
wedges 
on inner-
shelf 
    Surface  Greenwood et 
al., 2012 
East Antarctic margin 
131. Mertz Trough Mid-shelf  30 80  Surface  McMullen et 
al., 2006 
132. Mertz Trough Mid-shelf  30 80  Surface  McMullen et 
al., 2006 
133. Prydz 
Channel/ 
Nella Rim 
Inner-
shelf 
    Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
134. Prydz 
Channel west 
Mid-shelf   300 Dipping internal 
reflections 
Surface 
Composite? 
 Domack et al., 
1998; O’Brien 
et al., 1999 
135. Prydz 
Channel west 
Mid-shelf     Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
136. Prydz 
Channel west 
Mid-shelf     Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
137. Prydz 
Channel east 
Mid-shelf 20  50 Transparent with 
dipping 
reflections 
Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
 
138. Prydz 
Channel east 
 
 
 
Mid-shelf     Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
139. Prydz 
Channel – 
Lambert 
Deep 
Mid-shelf 5  10 - 30  Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
140. Prydz 
Channel – 
Lambert 
Deep 
Inner-
shelf 
    Surface  Domack et al., 
1998; O’Brien 
et al., 1999 
141. Nielsen 
Basin Trough 
Outer-
shelf 
    Surface  Mackintosh et 
al., 2011 
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142. Iceberg Alley 
Trough 
Outer-
shelf 
    Surface  Mackintosh et 
al., 2011 
143. Iceberg Alley 
Trough 
Outer-
shelf 
    Surface  Mackintosh et 
al., 2011 
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Highlights 
 
We present an inventory of 143 high-latitude grounding-zone wedges   
 
Grounding-zone wedges are typically less than 15 km long and 15 to 100 m thick 
 
Fast ice-streaming flow is probably necessary for grounding-zone wedge formation 
 
Ice shelves force wedge formation by restricting vertical accommodation space 
 
Continental shelf geometry can control the position of still-stands in the ice margin 
